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Abstract

Although the corrosion performance of the 420 martensitic stainless steel has been
investigated from the electrochemical perspective, the impact of process-induced metallurgical
factors such as secondary phase formation, grain distribution, and crystallographic orientation on
the corrosion performance of the alloy is not thoroughly disclosed. This thesis aims to understand
the correlation between the microstructure, crystallographic orientation, and electrochemical
response of the 420 martensitic stainless steel (420MSS) fabricated by various manufacturing
techniques. The corrosion resistance of 420 MSS decreased with increasing the deformation level
in both uniaxial tension and cold rolling processes. Increasing the level of uniaxial tension in 420
martensitic stainless steel enlarged the size of sensitized regions along the matrix-coarse chromium
carbide precipitates interface, providing more susceptible areas to pitting initiation and
propagation. As the cold rolling level increased, higher fraction of fragmented precipitates formed
in the microstructure, provoking the micro-galvanic coupling, and deteriorating the corrosion
resistance. On the other hand, the microstructural characterization of the wire arc additive
manufactured 420 MSS revealed the formation of a martensitic matrix with residual delta ferrite
and retained austenite as a result of complex thermal history. Localized corrosion attacks were
primarily detected adjacent to the delta ferrite phase, regardless of the implemented interlayer
temperature during the fabrication process. Through the post-fabrication heat treatment, the
corrosion morphology of the annealed sample was characterized by severe pitting due to the high
susceptibility of the ferritic matrix-carbide interface to pitting. The electrochemical performance
of the quench and tempered (Q&T) sample was significantly improved, ascribed to the elimination
of the chromium-depleted regions adjacent to the delta ferrite phase and enhanced protectiveness
of the passive film on the alloy’s surface. Following the characterization of the interfacial bonding
region between the wire arc additive manufactured 420 MSS part and the wrought 420 MSS, the
formation of four distinct microstructural regions, including (i) far heat-affected zone (HAZ), (ii)
close HAZ, (iii) partially melted zone (PMZ), and (iv) fusion zone was disclosed. The
electrochemical response of the interfacial bonding region revealed intense degradation close to
the PMZ and fusion zone, potentially ascribed to the formation of several distinctive
microstructural regions with high susceptibility to localized corrosion attacks. The onset of
localized corrosion attack in the interfacial bonding region mainly was initiated along the primary
austenite grain boundaries (PAGBs), where segregation of chromium carbides was detected.
Similarly, the interface of 420 MSS substrate and a repairing track of PH 13-8Mo stainless steel,
fabricated by a wire arc additive manufacturing process, revealed severe deterioration on the
electrochemical response possibly attributed to the formation of highly populated fine chromium-
rich carbides. The corrosion onset was initiated at the carbide/matrix interface in the close HAZ
and PMZ regions, where chromium depleted regions adjacent to the carbides intensified the micro-
galvanic coupling effect.
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Chapter 1

Introduction

1. Background

Stainless steels (SS) are widely used in various areas, including daily kitchenware application to
critical industries such as automotive, marine, and aerospace sectors, due to their high mechanical
performance and acceptable corrosion resistance [1,2]. Based on the dominant microstructural
phase at room temperature, stainless steels are subdivided into four major groups: ferritic,
austenitic, martensitic, and austenoferritic (duplex) stainless steels [3]. Adding alloying elements
such as chromium, nickel, carbon, molybdenum, nitrogen, and aluminum can significantly impact
stainless steel's mechanical properties and electrochemical performance. Among stainless steels,
martensitic stainless steels (MSS) and specially AISI420 MSS are more favorable for application
in the offshore industry compared to their counterparts, potentially due to their high corrosion
performance at harsh corrosive environments along with their reasonable price [4].

From the electrochemical aspect, the high corrosion resistance of the 420 martensitic stainless
steel is generally related to passivation ability and its resistance to environmental degradation [5].
The passivation behavior of the stainless steel is often characterized by the formation of an oxide
layer on the surface; generally, chromium oxide (Cr203) film, which highly depends on the
concentration of the Cr element in the alloy and is required to be higher than 11 wt.%. For the AISI
420 MSS with high chromium concentration (~13 wt.%), it is well documented that an intact and
thick passive film would form on the alloy’s surface, leading to high electrochemical stability and

corrosion response when exposed to corrosive environments [6]. It should be noted that the
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chromium can only contribute to the electrochemical stability of 420 MSS in a Fe-Cr solid solution
system, and the impact of other types of the chromium-based microconstituents in corrosion
response of 420 MSS can be the matter of discussion [7,8].

Unlike their austenitic counterpart, martensitic stainless steel can be subjected to various heat
treatment techniques [9,10]. In most cases, surface modification of the MSS is conducted through
ion implantation, laser surface melting, or plasma nitriding, and enhancement in surface corrosion
performance is reported compared to the bulk core in various corrosion environments [11-13].
Multiple types of corrosive environments can be used for evaluating the corrosion performance of
the martensitic stainless steel, such as artificial ocean water with 3.5 wt.% of NaCl at room
temperature, low concentration H>SOj4 solutions, and combined HCI+HF acidic environments
[8,14]. Moreover, different electrochemical measurements can be performed to quantify the
corrosion response of the martensitic stainless steel in both direct and alternative current regimes
(AC and DC) [15]. Open circuit potential (OCP), immersion tests, and potentiodynamic
polarization measurements are carried out to characterize the general corrosion behavior of the
MSS [16].

On the other hand, to quantify the electrical resistance (impedance) of the metal/solution interface
(passive film), electrochemical impedance spectroscopy (EIS) measurements are generally
performed over various frequencies [15]. The experimental data gathered from the EIS
measurements are often compared to the fitted data using an equivalent electric circuit [14,17].
The semiconductor behavior of the formed passive film for the martensitic stainless steels is
characterized with Mott-Schottky measurements in a few studies [18-20].

Following the electrochemical testing, several studies have made attempts to capture micrograph

images of the corroded regions of martensitic stainless steels to characterize the surface
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morphology for various corrosion mechanisms by implementing optical microscopy [8], scanning
electron microscopy (SEM)[17,21], confocal laser scanning microscopy [7], and the X-ray
photoelectron spectroscopy (XPS) techniques [22].

It is well documented that the corrosion mechanism of the 420 martensitic stainless steels,
fabricated by conventional techniques such as hot rolling and forging, involves the initiation and
propagation of pitting corrosion, which mainly occurs in the presence of anions such as chloride
and a major oxidizing element such as oxygen [23-25]. Although generally, the stability of the
oxide layer on the surface of the martensitic stainless are strong, in the presence of the chloride or
other aggressive anions, the localized iron dissolution can occur where the iron anions lose their
passivity at a specific potential called pitting potential [26,27]. If exposed to the corrosive
environment for a more extended period, this can lead to the propagation of these pitting sites,
forming major deep pitting mostly elongated toward the gravity direction [28,29], as illustrated in

Figure 1.1.

ELECTROLYTE

MSS

Figure. 1. 1. Partial reactions in pitting corrosion

Dissolution of iron inside a pit is expected to be faster than the passive film, due to the lower
surface area of the pit with anodic behavior, compared to the extensive surface area in the cathodic
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passive film [30]. This anode to cathode surface ratio is a significant factor determining the pitting
potential of the martensitic stainless steels. It is highly dependent on the chemical composition of
the corrosive media, microstructural features of the martensitic stainless steel, and its surface
tribology [6,31]. Several studies have characterized the pitting potential of the martensitic stainless
steels in different electrolytes [8,17,18,32]. Most of these studies focus on implementing
experimental techniques such as polarization graphs and potential steps to identify the pitting
potential [17,33].

Another area of concern in previous literature is the re-passivation ability of this alloy. Through
the pitting corrosion, metastable pitting can occur on the sample's surface, while the recurrence of
the passive film formation can constantly sustain the electrochemical stability of the passive film
[34,35]. Re-passivation can frequently occur through the corrosion mechanism of martensitic
stainless steels, hindering the complete pitting corrosion [35]. However, the re-passivation ability
can be voided in certain circumstances where the stability of the passive film deteriorates due to
the increase in corrosive anions or higher exposed PH, leading to de-passivated behavior of the
surface.

Although most of the corrosion studies on martensitic stainless steel have been devoted to the
characterization of pitting corrosion, several studies have found other major corrosion mechanisms
such as intergranular corrosion and crevice corrosion governing the electrochemical response of
their studied alloys [36—38]. In the case of intergranular corrosion, the microstructural features of
the martensitic stainless steels, especially at the grain boundaries and interfaces, have been studied.
The micro constituents formation at the grain boundaries can highly localize the corrosion behavior
of the alloy depending on the nature of the formed particle [17]. Moreover, the crevice performance

of 420 martensitic stainless steel is also thoroughly investigated in another study by Marcelin et
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al. [39], where a significant decrease in corrosion resistance is observed when the medium is
increasingly confined. The data obtained in the bulk electrolytes were used to determine the critical

conditions in the thin-layer cell which impede the re-passivation of the MSSs.

2. Technical Background

In order to better understand the current thesis’s structure and realize how the experimental
procedure, results gathering, and discussion sections were developed, a technical background on
the applied experiments herein, material fabrication techniques, and the implemented data analysis
methods is required. First, a brief introduction to used material fabrication techniques, i.e., plastic
deformation and additive manufacturing, will be provided. Subsequently, the applied experimental
procedures will be elaborated, i.e., microstructural characterization techniques and
electrochemical testing methods.

2.1. Uniaxial Tension

In chapter two of the current thesis, the uniaxial tension has been implemented to form strain-
induced plastic deformation on the studied 420 MSS sample. Hence, understanding the plastic
deformation mechanism through the uniaxial tensile is vital for this study. In this section, the
fundamentals of the uniaxial tensile test have been thoroughly discussed, and the experimental
procedure to measure the stress-strain curve is described.

In daily used English, force refers to a push or pull. In basic engineering, force (F) is defined as an
interaction between two bodies or between a body and its surroundings. The force may be defined
as stress, which characterizes the force's intensity on a force per unit area basis. The linked
quantity, Le., strain describes the ensuing deformation generated by the stress. When the stress and
strain are modest enough, we often find that they are directly proportional, and the proportionality

constant is referred to as the elastic modulus [40]. The force of equal size but the opposing direction
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applied to the ends of a body is described as tension [41]. The stress is symbolized by the Greek

letter sigma and is defined as the ratio of force to the cross-sectional area of the body:

stress, (o) = % (1)

The Pascal (Pa) is the SI unit of stress, which equals newton per square meter (N/m2). The strain
is the fractional change in length induced by the stress, which is the ratio of the elongation length
to the original length. Because length and elongation are measured in the same units, strain is a
dimensionless quantity [40,42]. We may represent the strain mathematically as follows:

strain, (¢) = AL—L (2)
A component defined as in equilibrium condition is eighter at rest or traveling with constant
velocity (along a straight path at constant speed). A part is considered to be in equilibrium if any
forces do not act on it or it is under numerous forces such that its vector sum is zero [40].
Equilibrium is defined as the sum of net forces equaling zero, corresponding to Newton's first rule
of motion. There are an unlimited number of methods to apply stress to a body; however, for
material testing purposes, loading types have been simplified into four primary groups, i.e., short-
term static loading, static loading for an extended period, repeated loading, and dynamic loading.
Through the uniaxial tensile testing, the maximum load is delivered gradually and sustained. It is
maintained for a sufficient period throughout testing to measure the mechanical strength of the
tested sample. Long-term static testing, performed at various temperatures, is implemented to
determine materials' creep and tensile strength in different service conditions [40,41].

The material undergoes an elastic deformation region through the first stage of the uniaxial tensile
testing, where the applied strain is reversible. Elasticity is the characteristic of materials that allows
them to revert to their original shape and size after being deformed. Reversible elastic deformations

are when the energy used during deformation is stored as elastic strain energy and recovered
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entirely upon load release. The material's elastic limit is the highest stress that may occur before
permanent deformation occurs. The material's behavior through the elastic deformation zone is
linear, and elasticity (E) can be mathematically correlated to the stress (o) and strain (g) values
using the Hook’s law [43]:

o =Ee 3)
The permanent shape change in material occurs through plastic deformation. Plasticity is the
material's characteristics that allow them to transform in shape permanently when exposed to stress
values higher than the material elastic limit. Theoretically, elastic deformation refers to a change
in the distance between atoms or molecules. In contrast, plastic deformation refers to a change in
their relative positions over time that eventually leads to failure [44]. This permanent
rearrangement occurs mainly via displacements of the atoms inside the crystal lattice in metals and
other crystalline materials [45].

The uniaxial tensile test is perhaps the most helpful material characterization procedure. It
measures the force necessary to elongate a test specimen by increasing force until it cracks. The
tensile test in a uniaxial manner determines many critical material characteristics, including
elasticity, plasticity, and ultimate tensile strength (UTS). Most notably, it creates stress-strain
curves, which represent the mechanical characteristics of a material [46]. An expanded plastic
deformation zone forms for the ductile materials with high deformability, as shown in Figure 1. 2.
As the tensile test progresses, the stress and strain curve exhibit a linear behavior until it reaches
the proportional yield limit. The elastic modulus, or Youngs's modulus, is the slope of the curve
up to this point. The stress value hits the top yield point, or elastic limit, at which the metal's
behavior changes from elastic to plastic. Before reaching the ultimate tensile strength, a nonlinear

stress-strain curve forms in the uniform plastic deformation region, referred to as the strain
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hardening zone, indicating the dislocations of atoms and permanent displacement [40,47]. Beyond
the ultimate tensile strength point, the stress value decreases due to necking, resulting in a final
fracture of the specimen. If the applied stress (and hence strain) is less than the elastic limit, both
stress and strain will revert to zero when the load is removed. However, if the elastic limit is
surpassed, only the elastic strain is restored; the plastic strain is permanently established. Since a
permanent deformation is generally undesired in a mechanical component, it is preferable to design

parts with estimated service stress that is less than the elastic limit by an acceptable factor of safety

[47,48].
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Figure. 1. 2. Stress-strain curve for a ductile material [47,49].

2.2.Cold Rolling
Rolling is extensively used in the automobile industry to manufacture high-strength sheet metal
[50]. Chapter 3 of the current thesis implements the cold rolling procedure to apply plastic

deformation to the samples. Hence, understanding how the rolling process is conducted on the 420
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MSS samples is essential. In the conventional rolling process, a sheet of metal is compressed
between two rollers [47,51], constructed of high-strength materials while spinning on opposing

sides, as shown in Figure. 1. 3a. The detailed illustration of the rolling process is shown in Figure

1. 3b.
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Figure. 1. 3. (a) Schematic illustration of a conventional rolling machine (b) detailed illustration
of the rolling process [51].

2.3. Crystallographic Orientation and Texture
Each grain in a structure has a unique crystallographic orientation. Individual grains establish a
preference orientation (texture) due to deformation and recrystallization processes such as rolling,
solidification, and heat treatment cycles. A set of grains with the same crystallographic orientation

is predicted to generate a crystallographic texture [51]. The crystallographic orientation or texture
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is a microstructural characteristic that contributes significantly to a crystalline material's
microstructure. Historically, this characteristic or component of microstructure was studied
separately, but it is now considered an intrinsic element of microstructure. This has occurred
primarily as a result of the widespread usage of electron backscatter diffraction (EBSD. Three-
dimensional techniques have aided this comprehension, such as serial sectioning and mapping
using synchrotron radiation [52].

Technically, a grain's orientation is defined by a rotation and quantified using three vectors.
Historically, the study of texture was centered on examining pole figures as determined by X-ray
(or neutron) diffraction. Still, new texture representation and determination techniques have been
frequently employed in recent years [52,53]. EBSD under the scanning electron microscope
(SEM) (see Fig. 1. 4) has become a widely used approach for characterizing microstructures due
to its simplicity and ability to quantify various microstructural properties, including texture.
While the diffraction patterns from metals were initially gathered in the 1960s, Dingley ef al. [54]
primarily applied the pattern acquisition technique for the low-light TV cameras. They opened a
widespread interest in the method, leading to the development of commercially available systems.
The use of EBSD in combination with the FEG-SEM system is a more recent breakthrough, and
the resulting improvement in spatial resolution has broadened the scope of EBSD application [52].
In general, the hardware for EBSD acquisition consists of a sensitive CCD camera and an image
processing system for pattern averaging and background removal. The EBSD acquisition program
is used to manage data collection, solve diffraction patterns, and store data [52,55]. Before
performing any experiment, the various software segment the diffraction patterns using a variety
of approaches. The distinctive interplanar angles of the low-index peaks are utilized to identify the

peaks and derive their orientation automatically. EBSD is performed on a specimen inclined
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between 60 and 70 degrees from the horizontal, and data points are acquired by rostering the beam
over the sample. These data points may be displayed as pixels to create an orientation map.
Because the beam deviates from the optic axis during a scan, absolute orientation errors are
introduced at very low magnifications, and beam defocusing owing to the sharply tilted sample
may result in a loss of spatial resolution [52,56]. As a result of these considerations, beam scanning
is often confined to smaller regions. A stationary electron beam is employed to eliminate these
problems when measuring more extensive areas. The specimen is moved relative to the beam using

stage stepping motors controlled by the EBSD software.
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Figure. 1. 4. Schematic illustration of a conventional EBSD detector in an SEM [52,55].

To explain texture, we must first understand that a correct rotation determines the orientation of a
crystal concerning a reference frame. Thus, we may quantify texture using rotational mathematics

[57]. Polycrystalline materials exhibit various directions within a single sample, necessitating
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statistical techniques' quantification of orientation distributions. A Cartesian axis, as shown in

Figure 1. 5 primarily used to correlate between the individual grain and bulk material.

Figure. 1. 5. Illustration of a definition of orientation based on a pair of Cartesian frames[52].

For texture analysis, a pole figure is a projection (usually stereographic or equal area) of the density
variation of a specified crystallographic plane normal to sample space. The term "sample space"
refers to a frame of reference defined by the sample and in which the axes (x,y, and z-axis)
correspond to a set of directions in the material. These directions have referred to the forming
process, for example, the drawing direction in wires or the rolling direction in rolled sheets, or the
film normal in thin films (with x and y determined by directions in the base metal). Figure 1. 5.

illustrates idealized pole figures for drawn wire and rolled sheets [55].
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Figure. 1. 6. (100) plane pole figures for (a) wire with <110> fiber texture, (b) rolled sample with
{110}<001> texture[52].
As another illustrative technique to show the texture formation, the inverse pole figure (IPF) is a
projection (usually stereographic or uniform area) of the density variation along a specified sample
direction in crystal space. The term "crystal space" refers to a frame of reference defined by an
orthonormal set of axes that correspond to a group of directions in the crystal. An IPF is especially
advantageous for deformation operations such as wire drawing or extrusion that need just a single
axis specification due to its cylindrical symmetry [52,53]. For cubic structures such as BCC and
FCC, the frequency with which a given crystallographic direction corresponds to the specimen
axis is displayed in a single standard stereographic triangle, as shown in Figure. 1. 7. Inverse pole
figures may also represent rolling textures, although, two or often three independent plots are
displayed in this case, one for each of the primary rolled directions, i.e., ND, RD (and TD if

required)[52].
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Figure. 1. 7. Inverse pole figure for cold drawn aluminium wire [58].

2.4. Additive Manufacturing
The growing additive manufacturing (AM) technique, which was initially pioneered by Charles
W. Hull [59] and first used in the manufacturing of rapid prototypes (RP) in the 1980s, has been
extensively embraced in the recent decade for the manufacturing of complicated metallic
components [60]. In contrast to typical manufacturing techniques, AM employs a layer-by-layer
deposition process, enabling the fabrication of near-net-shape items without supporting equipment
or materials [61-63]. Previous research has classified metallic AM methods according to the
applied heat sources, including laser, electron beam, and arc [64—66]. A schematic illustration of
the categorized additive manufacturing techniques is represented in Figure. 1. 8. Additionally, AM
technologies are classified into powder bed fusion (PBF) and direct energy deposition (DED)
procedures depending on the deposition processes used [67]. While the metal powder is used as
the feedstock material for PBF, powder, and wire are used as feedstock materials for DED. The

PBF technique is intended to enhance near-net-shape production and product complexity. At the
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same time, the DED approach is frequently used to rapidly manufacture big components with a
simpler design, high mechanical qualities, and a regulated microstructure [68]. Wire arc additive
manufacturing (WAAM) is a DED technique that utilizes an electric arc or plasma as the heat
source and a wire as the feedstock material, as illustrated in Figure 1.9. WA AM hardware typically
comprises a welding torch placed on a multi-axis robotic arm or a CNC machine, a welding power
supply, and an accompanying wire feeding system. As the wire is fed into the electric arc at a
regulated pace, it melts and deposits either on the base plate, generating the first deposited layer

or on previously deposited layers [69].
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Figure. 1. 8. Different Metal Additive Manufacturing processes [70].
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Figure. 1. 9. Schematic representation of a WAAM system [71].
Recently, the manufacturing industry has paid close attention to the WAAM technology due to its

ability to produce large-scale parts at a significantly higher deposition, lower equipment cost, and
shorter lead time when compared to laser-based and electron beam-based AM processes [72—74].
However, WAAM parts are subjected to a complex thermal treatment during the deposition
process, resulting in changes to the part's localized metallurgical characteristics due to frequent
heating and cooling. As a result, the microstructural properties of the manufactured WAAM
components are highly localized, influencing their mechanical performance and corrosion
resistance [73,75,76].

The use of WAAM technology to manufacture a variety of non-ferrous alloys, including titanium
alloys, aluminum alloys, nickel-based alloys, and various intermetallic compounds, has received
considerable attention [77—80]. Ferrous alloys, particularly stainless steels, which are the most
commonly used materials in modern industry, were also chosen as feedstock materials for
component fabrication using the WAAM. Wang et al. [69] used the WAAM to produce 316L

stainless steel in various arc modes and at a constant deposition rate. They explored the mechanism
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and effect of process parameters on manufacturing process stability, microstructures, and
mechanical response. Caballero ef al. [81] investigated the impact of process variables such as
shielding gas, deposition path, and post-fabrication heat treatment on the microstructure and
mechanical properties of WAAM 17-4 PH stainless steel and demonstrated that the required tensile
properties could be achieved by solution treatment at 1040 °C for 30 min followed by aging at 480
°C for 1 h. Feng et al. [82] proposed an innovative and highly efficient process for fabricating Cr-
Ni stainless steel components using a double-wire feed and plasma arc additive manufacturing
(DWF-PAM) process and investigated the process's superior characteristics in terms of bead
appearance, microstructure, and mechanical properties. Finally, Zhang ef al. [83] used a tungsten
inner gas wire arc additive manufacturing (TIG-WAAM) approach with an integrated wire feeder
and continuous liquid transfer mode to fabricate a super duplex stainless steel (ER2594) with an
exceptional combination of mechanical qualities and corrosion resistance. The application of the
WAAM for the fabrication of martensitic stainless steel will be elaborated in the upcoming
chapters comprehensively.
2.5.Electrochemical Testing

A metal-electrolyte contact undergoes at least two electrochemical reactions through
electrochemical testing, oxidation, and reduction. Since corrosion is an electrochemical process, it
is obvious that electrochemical methods may be utilized to examine corrosion reactions and
processes. This section discusses electrochemical corrosion testing principles, the fabrication of
electrodes for electrochemical polarisation research, and the many electrochemical techniques
available for laboratory investigations of corrosion events [84,85].

The fundamental premise underlying all electrochemical approaches is the mixed potential theory

that uniform corrosion occurs when anodic and cathodic reactions occur in a consistent state of
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change in terms of location and time for the separate processes [85]. It is not required for corrosion
to appear under this idea to presuppose the existence of local anodes and cathodes. Nonetheless, it
has often been said that corrosion happens when local anodes and cathodes are created, even
though uniform corrosion occurrence is impossible in this situation. Numerous electrochemical
methods characterize the laboratory corrosion performance and corrosion monitoring of in-service
metallic components. Table 1.1 summarizes the electrochemical testing suggested by the National
Association of Corrosion Engineers (NACE) for corrosion analysis of metallic components
[84,85].

Tablel. 1. Electrochemical corrosion testing techniques [85].

Category Test method

Open circuit or corrosion potential

No applied signal

Dissimilar metal corrosion (galvanic corrosion)
Electrochemical noise analysis

Polarization resistance (linear polarization)
Small-signal polarization

Electrochemical impedance spectroscopy

Potentiostatic and galvanostatic polarization
Large-signal polarization

Potentiodynamic and Galvano dynamic polarization

Current scans

Scanning electrode techniques Potential scans

Open circuit potential (OCP) measurement is the simplest electrochemical test to perform, but it
provides the least information about the underlying mechanism. No external electrochemical
signal is used while measuring OCP. To determine corrosion potential (Ecorr) in an OCP
measurement, a stable reference electrode, such as an SCE, a high-impedance voltmeter, or
suitable recording equipment is required. Corrosion potential can also be determined by observing
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the potentiostat's digital display and recording the potential output value as a function of exposure
time on a strip chart recorder. Open-circuit potential rises as passivity improves for passive
samples, but OCP frequently drops as localized corrosion occurs [85,86]. Figure 1. 10 shows the

OCP values versus monitoring times for several alloys.
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Figure. 1. 10. OCP values versus time for (a) Al 2024, (b) brass, and (c¢) mild steel exposed to
artificial seawater [86]

The applied potential is modulated across a broad range in large-signal polarization experiments
using either a series of applied potential steps or a continuous potential rate change. Additionally,
a succession of current steps or a continually changing current may be used; however, these
approaches are less common. Due to the possibility that polarization across a broad potential range
may result in permanent changes to the sample surface characteristics, it is usually not practical to
repeat a large-signal polarization test on the same sample [84,85,87]. Figure 1.11 shows the

implemented setup for polarization measurement and most other electrochemical testings.
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Figure. 1. 11. Electrochemical instrumentation to carry out potentiodynamic measurements [84].

A full polarization curve is made up of a cathodic and anodic component. The cathodic region of
the polarization curve offers information on the kinetics of the reduction reaction(s) that occur in
a given system. The anodic portion of the polarization curve has distinct characteristics heavily
dependent on the metal-electrolyte combination [85]. Typically, a charge-transfer-controlled area
occurs around the corrosion potential. Passive metals exhibit an active-passive transition at
potentials higher than corrosion potential, followed by a passive area and an oxygen evolution
region. When the pitting potential (Epi) is surpassed, a significant rise in current occurs in the

passive zone[85,88].
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The information related to the kinetics of the corrosion reactions can be calculated from the
polarization curves in the Tafel area, in which the connection between the applied potential (Eapp1)
and the measured current density (i) can be measured for anodic reactions using the equation below
[85]:

Eappl = Ecorr + B 4log (l/icorr) “4)
And for the cathodic region:

Eappt = Ecorr — Bc log (l/icorr) 5)
where [ is Tafel cathodic or anodic slope; the corrosion current density (icorr) can be calculated

using equations 4 and 5 by extrapolating the Tafel lines to Eapp=Ecorr at the corrosion current

density value, as shown in Figure 1.12 [84,85].
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Figure. 1. 12. Theoretical Tafel curve, showing the Tafel extrapolation technique [85].

Electrochemical impedance spectroscopy (EIS) is collected as a function of the frequency of an

applied alternating current signal at a defined potential. Typically, a wide frequency range must
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be examined to acquire the whole impedance spectrum. This frequency range is often extended
from 100 kHz, to 1 mHz in most corrosion experiments. Lower frequency measurements are very
time demanding. Typically, impedance measurements are calculated using a three-electrode
system, but it is also feasible to utilize a two-electrode system using the same material for both
electrodes. A notable benefit of EIS over other electrochemical methods is detecting characteristics
with extremely tiny amplitude signals without appreciably affecting them. To estimate the
polarisation resistance (Rp), the EIS findings must be evaluated in conjunction with an interface
model. Among the several equivalent circuits developed to model electrochemical interactions in
a passive fil of materials, only a handful apply to a uniformly corroding system [84,85]. The first
circuit is the simplest equivalent circuit for describing the interface between metal and electrolyte,

as shown in Figure 1. 13.
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Figure. 1. 13. The equivalent circuit (EC) models suggested for analyzing the EIS results in (a)
simple representation of the interface and (b) one time constant with diffusion [84].

The electrochemical behavior of a passive film using the EIS measurements can be interpreted

using the equation below [84]:
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Rp
1+(ijpCdl)B (6)

Z(w) =R, +
where R; is the solution resistance, R;, is the polarization resistance, w is the frequency, and Cq is
the double layer capacitance [84,85,89]. For example, the electrochemical behavior and corrosion
resistance of a passive film for a 430 stainless steel in a solution containing 0.005 M sulfuric acid
and 0.495 M sodium sulfate is presented using Nyquist and Bode plots as shown in Figure 1.14.

The detailed description of EIS measurements and how the Bode and Nyquist plots are interpreted

will be elaborated on in the upcoming chapters.
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Figure. 1. 14. (a) Equivalent circuit (b) the Nyquist plot (c) Bode plot of impedance magnitude
vs. frequency (d) Bode plot of the negative phase angle vs. frequency for a 430 stainless steel in
a solution containing 0.005 M sulfuric acid and 0.495 M sodium sulfate.
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3. Motivation and Research objectives

Most of the previous studies have mainly characterized the corrosion response of the 420
martensitic stainless steel from the electrochemical perspective [7,8]. It is well known that the
corrosion performance of the martensitic stainless steels is governed by both electrochemical and
metallurgical factors [7,8,17,90]. From the microstructure perspective, the corrosion performance
of martensitic stainless steel is impacted by various factors, including grain size distribution,
inclusion and secondary phase formation, surface roughness, residual stress, and elemental
segregation [91-93]. Therefore, process-induced microstructure features can lead to distinct
corrosion performance in adverse and favorable ways.

Unlike their austenitic counterparts, MSSs can be heat-treated, significantly influencing the
secondary phase formation and corrosion performance [8,94]. Although upon cooling from
quenching treatments, a fully martensitic structure is expected for 420 MSS, unwanted micro-
constituents can form due to high alloying elements and the uncontrolled cooling regimes [7,8].
Undissolved chromium-rich carbides generally remain at the structure upon insufficient quenching
at low temperatures or low exposure times [34]. On the other hand, unwanted retained austenite
and residual delta ferrite can form at room temperature through fast cooling rates [95]. Carbides
can also develop in the microstructure of the 420 MSS through tempering heat treatments [8]. The
contribution of each metastable particle to the corrosion performance of the 420 MSS under
various heat treatment conditions is a fascinating subject to investigate.

Moreover, although the impact of deformation-induced microstructure on the corrosion
performance of the most ferritic, austenitic, and duplex steels has been investigated thoroughly in
previous literature [96-99], there is no study covering the impact of deformation on the

electrochemical response of the martensitic stainless steels such as AISI 420 MSS. Plastic
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deformation can lead to a significant change in the grain rearrangements and the texture of the
materials [100,101]. Hence, it can be interesting to study the impact of the deformation-induced
crystallographic orientation on corrosion resistance. Variation in the residual stress caused by
plastic deformation and characterizing its influence on the electrochemical response of the 420
MSS is another aspect that requires more attention herein [102].

On the other hand, as the demand for material consumption increases and the supplies remain
limited, the invention and implementation of new fabrication techniques become crucial [103].
Newly developed fabrication techniques such as metal additive manufacturing (AM) with the
ability to fabricate customized parts with low waste rates can be promising resolutions to the
existing gaps and deficiencies in design and manufacturing [104]. On the other hand, AM provides
a fast solution for on-site manufacturing, where accessibility to the conventional manufacturing
techniques is limited, which can be a great option for fabrication adaption for the post-covid era,
considering the current disruption in most manufacturing supply chains [105].

As one of the most promising additive manufacturing techniques for fabrication of large-scale
metallic parts, wire arc additive manufacturing (WAAM) can be implemented for layer by layer
manufacturing of martensitic stainless steels [106]. In a WAAM process, generally, a robotic arm
carries an arc welding torch as the energy source and the metal wire as the feedstock material to
fabricate each layer [77]. Layer by layer deposition strategy and high heat rate in each deposition
cycle leads to complex thermal history experienced by the fabricated parts in different zones [107].
This can lead to unique microstructural features in components deposited with the WAAM process
compared to the conventional fabrication techniques [108]. Some of these microstructural features
potentially can be unfavorable for the electrochemical stability of the alloy [109], indicating the

importance of the post-fabrication heat treatment to improve the corrosion response [110]. Hence,
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characterizing the corrosion performance of the deposited parts and correlating the impact of the
observed distinct microstructural features with corrosion performance is essential. Moreover,
through the deposition of each layer, the heat dissipation path can have a specific concurrence with
the deposition direction leading to the formation of strong texture in the microstructure [107].
Therefore, the crystallographic orientation of the as-printed parts and its influence on the corrosion
should be investigated.
On the other hand, wire arc additive manufacturing has excellent potential as an alternative
technique for remanufacturing and restoring failed components [111]. The localized restoration of
failed 420 MSS parts can be implemented through the deposition of an automated repairing track
by applying a similar ER420 wire material or an alternative alloy with better mechanical and
electrochemical performance. Hence, the microstructural features and the corrosion performance
of the 420 MSS repairing track and the interfacial region between the substrate and the repairing
track, fabricated by the WAAM process, should be thoroughly investigated. Therefore, this thesis
aims to answer the following questions:
1. What is the impact of the plastic deformation on the corrosion performance of the AISI
420 martensitic stainless steel?
2. What is the impact of the crystallographic orientation and grain distribution on the
electrochemical performance of the 420 martensitic stainless steel?
3. What is the impact of the secondary phase formation on the microstructure and
corrosion performance of the as-printed wire arc additive manufactured 420 martensitic

stainless steels?
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4. What is the true impact of the post-fabrication heat treatment on the microstructure and
corrosion performance of the wire arc additive manufactured 420 martensitic stainless
steel?

5. How can the wire arc additive manufacturing be applied as a restoration technique for
420 MSS, and what is the impact of microstructural factors on the corrosion
performance of the interfacial bonding region of a repairing track?

Focusing on these questions, current thesis investigates the impact of the process-induced
microstructural and crystallographic orientation on the electrochemical performance of the 420

martensitic stainless steel.

4. Organization of the thesis

The current thesis is prepared in a manuscript format (paper-based). Overall, the research outcome
of the present dissertation has been published in four peer-reviewed journal papers as a first author,
four peer-reviewed journals as the second or third author, three conference papers as a first author,
and five conference papers as second or third author. Two journal papers are submitted and under

review as well. The details of each publication are listed below:

Journal Papers:

1) Salar Salahi, , Mostafa Kazemipour, and Ali Nasiri. "Effect of Uniaxial Tension-Induced
Plastic Strain on the Microstructure and Corrosion Behavior of 13Cr Martensitic Stainless
Steel." Corrosion 76, no. 12 (2020): 1122-1135.

2) Salar Salahi, , Mostafa Kazemipour, and Ali Nasiri. "Effects of microstructural evolution
on the corrosion properties of AISI 420 martensitic stainless steel during cold rolling

process." Materials Chemistry and Physics 258 (2021): 123916.

3) Salar Salahi, , Mahya Ghaffari, Alireza Vahedi Nemani, and Ali Nasiri. "Effects of
Secondary-Phase Formation on the Electrochemical Performance of a Wire Arc Additive
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5)

6)

7
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Manufactured 420 Martensitic Stainless Steel under Different Heat Treatment
Conditions." Journal of Materials Engineering and Performance (2021): 1-12.

Salar Salahi, , Alireza Vahedi Nemani, Mahya Ghaffari, Jonas Lunde, and Ali Nasiri. "On
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Chapter 2 examines the impact of uniaxial tension on the microstructure and corrosion behavior
of the AISI 420 martensitic stainless steel (also known as 13Cr martensitic stainless steel).
Chapter 3 characterizes the effect of the cold rolling on the microstructure and corrosion
performance of the AISI 420 martensitic stainless steel.

Chapter 4 examines the impact of interlayer temperature on the microstructure, crystallographic
orientation, and corrosion response of the 420 martensitic stainless parts fabricated by wire arc
additive manufacturing technique.

Chapter 5 characterized the impact of the two different heat treatment processes on the corrosion
response of the as-printed 420 MSS samples fabricated by the wire arc additive manufacturing
process.

In chapter 6, the feasibility of applying the wire arc additive manufacturing as a restoration
technique for AISI 420 martensitic stainless steel and the microstructure and corrosion
performance of the interfacial region between the substrate 420 MSS deposited layer is
investigated.

Chapter 7 examines the microstructural evolution, crystallographic orientation, and
electrochemical response of the interfacial region between a 420 MSS and a PH 13-8Mo
martensitic stainless steel repairing track fabricated by the wire arc additive manufacturing

technique.
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Chapter 2

Effect of Uniaxial Tension-Induced Plastic Strain on the Microstructure

and Corrosion Behavior of 13Cr Martensitic Stainless Steel !

Preface

A version of this paper has been published in the journal of CORROSION. I am the initial and
corresponding author of the current article. In this chapter, along with co-authors Dr. Ali Nasiri
and Mostafa Kazemipour, I investigated the effect of uniaxial tension on the microstructure
and corrosion behavior of the 13Cr martensitic stainless steel. I prepared the methodology,
experimental procedure, formal analysis, and the original and revised versions of the
manuscript based on the reviewers' and coauthors’ feedback and comments. The co-authors
of this work, Dr. Ali Nasiri and Mostafa Kazemipour, helped me in idea conceptualization,

experiment design, supervision, and editing of the manuscript.
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Abstract

This study is aimed to understand the correlation between the manufacturing process-induced
plastic deformation, microstructure, and corrosion behavior of a 13Cr martensitic stainless-
steel tubing material (UNS S42000). Comparisons were made between the microstructure,
crystallographic orientation, and corrosion performance of a texture free heat-treated sample
and uniaxially tensioned samples to the elongations of 5% and 22%. Cyclic potentiodynamic
polarization (CPP) tests and electrochemical impedance spectroscopy (EIS) were performed
on all samples in aerated 3.5 wt.% NaCl electrolyte at room temperature. Overall, the corrosion
resistance of the samples was found to decrease with increasing the deformation level. A more
stable and higher corrosion potential and pitting potential values with a better stability of the
passive film were derived for the non-deformed sample, whereas the 5% and 22% elongated
samples exhibited lower corrosion and pitting potential values and were characterized by
having a less stable passive layer. All samples consistently revealed micro-pits formation on
the lath boundaries where high concentration of chromium carbide precipitates was detected.
Increasing the level of plastic strain in 13Cr stainless steel was found to enlarge the size of
sensitized regions along the matrix-coarse chromium carbide precipitates interface, providing

more susceptible regions to initiation and propagation of pitting.
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1. Introduction

Due to the increased development of deep hot wells and their extremely harsh and corrosive
environments, the applications of corrosion resistant martensitic stainless steels (MSS) have
been increased drastically considering their economic benefit with a price nearly half of its
duplex stainless steels counterparts [1]. The use of MSS tubing is not only limited to sweet
water applications, but also has been expanded to numerous sour service applications [2]. 13Cr
MSS is one of the most commonly used Oil Country Tubular Goods (OCTG) materials,
particularly as tubing and casing, providing an optimal combination of mechanical strength and

corrosion resistance due to its high content of Chromium (13 wt.%) [3].

The corrosion behavior of stainless steels is influenced by a combination of
electrochemical and metallurgical factors governing the initiation, propagation, and
stabilization of a specific type of localized corrosion attack, known as pitting corrosion [4].
Therefore, understanding the fabrication process-induced microstructural features on the
corrosion response and electrochemical stability of the stainless steel is quite important to be
able to predict possible unforeseen failures of the components in service conditions as a result
of corrosion [5]. The fabrication process of martensitic stainless steels typically involves warm
or cold deformation of the annealed material followed by applying post-deformation heat
treatment cycles (commonly a hardening cycle followed by tempering), leading to the
formation of different types of precipitates embedded in a ferritic/martensitic matrix [6]. While
annealing leads to the formation of localized large spherical carbides in the microstructure, the
hardening and its subsequent tempering form undissolved carbides along with fine precipitated
carbides. Anantha et al. [7] reported that the martensitic transformation associated with the
hardening of MSS can be accompanied with the formation of undissolved carbides, unwanted

retained austenite, and possibly a low volume fraction of the ferrite phase. On the other hand,
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although the carbide dissolution can be accelerated by increasing austenitizing temperature, the
resultant austenite grain coarsening during the austenitization can potentially lead to the
stability of some volume fraction of austenite at room temperature (so-called retained
austenite), deteriorating the mechanical properties of the alloy [6]. The attained martensitic
phase from the hardening cycle is characterized by high hardness and strength with extremely
low ductility. Accordingly, Barlow and Du Toit [8] recommended the application of the
tempering process to improve the toughness and ductility of the alloy and to relieve the residual

stresses induced by the martensitic transformation.

Each of the individual constituents in the microstructure of MSS, i.e. carbides, retained
austenite, ferrite, and martensite phases can effectively change the mechanical properties of the
alloy, among which the formation and volume fraction of chromium carbides have the primary
impacts [9]. Lula [5] also reported that chromium can contribute to the corrosion resistance of
the martensitic stainless steels only in solid solution form. Therefore, the volume fraction of
dissolved carbides in the matrix during austenitizing and carbide precipitation through
tempering can highly influence the corrosion behavior of MSS [10]. The adopted heat treatment
cycles and the carbon content of the alloys in the MSS family should be precisely chosen for

any structural applications that require high resistance to corrosion [11,12].

Extensive studies have been conducted to characterize the mechanical properties of MSS and
to discuss the effect of tempering conditions on the microstructure and corrosion properties.
Lu et al.[13] studied the effect of tempering temperature on the corrosion properties of 13Cr
stainless steel alloy and reported a higher corrosion resistance for samples tempered at 300 °C
relative to the samples tempered at 500 °C due to the sensitization of the matrix adjacent to the
chromium carbide precipitates. Anantha et al[7] analyzed the effect of various types of

precipitates in the microstructure on the localized corrosion behavior of the AISI 13Cr
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martensitic stainless steel and reported that regions adjacent to the carbides are less noble due

to the formation of chromium depleted zones at the periphery of the chromium carbides.

Despite all existing literature studying the impacts of post-fabrication thermal cycles on the
corrosion properties of 13Cr MSS, the possible influence of other manufacturing process-
induced structural modifications, such as plastic deformation, on the corrosion response of the
alloy remains unknown. Applying plastic deformation, which commonly occurs during
forming operation of the component, can drastically affect the mechanical properties and
microstructural characteristics of the alloys [14,15]. In terms of mechanical properties, plastic
deformation positively contributes to the strength and hardness of the metals by the formation
and slipping of dislocations, resulting in a higher dislocation density in the structure (strain-
hardening)[16,17]. Differently, plastic deformation can deteriorate the mechanical properties
of the alloys by producing inclusions, causing the elongation of the particles and precipitates,

leading to their breakage or rupture of their interface from the matrix[16,18].

The applied plastic deformation during cold working can further modify the microstructure and
grain orientation drastically by turning a texture free microstructure into a strongly textured
one after deformation. For tempered martensitic stainless steels, possessing a body-centered
cubic (BCC) crystal structure, the cold worked texture mainly composes of a nearly perfect
normal direction (ND) fiber and two other components, centered at {001}<110> and
{112}<110>, which lie along the deformation direction [19]. The major component of the
deformation texture in BCC materials is almost independent of compositional and processing
parameters [20,21]. Venegas ef al.[22] in a recent study on the API X46 steel, showed that the
high density of grains with preferred orientation of {111}//ND (corresponding to the grains
with their (111) plane parallel to the normal direction (ND)) increased the corrosion resistance.

A study by Verdeja et al. [23] revealed that the effect of texture on the corrosion properties is
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significantly dependent on the slip system. For instance, the crystallographic textures
associated with {110}//ND and {332}//ND reduce the sensitivity to corrosion in ferritic-
pearlite steels, while {001}//ND and {112}//ND textures have the opposite effect. On the other
hand, the composition and thickness of the passive layers in stainless steels can be modified by
cold working [24,25]. Consequently, the electrochemical stability of the passive layer on the
stainless steel can potentially change. Favorable passivation was observed for the rolled 304
stainless steel due to the formation of a thicker passive film, whereas for a high nitrogen
30Cr15MolN stainless steel, a passive layer with a less protective nature was reported to form

after deformation [25,26].

Previous studies exhibit relatively contradictory results in case of establishing a relationship
between cold rolling and corrosion resistance. Barbucci ef al. [27] noticed the increase of the
passive current in acidic medium by increasing the level of deformation in 304 stainless steel.
Chandra et al. [28] and Liang et al. [29] analyzed the effect of plastic deformation on the pitting
potential, as a criterion to understand the corrosion resistance of samples against the pitting,
and revealed that its effect is not as significant as the effect of chloride concentration or exposed
media. Regarding the impact of cold deformation on corrosion current density and
repassivation potential, irregular trends were reported, highly dependent on the composition of

studied stainless steels and the concentration of chloride in the medium[30,31].

To the best of the authors’ knowledge, no study has been done to characterize the effect of
plastic deformation on the corrosion properties of MSS. Characterizing the impact of plastic
deformation associated with the manufacturing process on the corrosion properties of the alloy
is extremely vital to be able to oversee the components’ integrity and remaining life after a
long service life, especially in harsh environments. In particular, the effect of plastic

deformation on both grains’ orientation and distribution of precipitates and the resultant
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corrosion behavior are required to be investigated. It is found that the galvanic potential
difference between the micro-constituents and their surrounding matrix can provoke micro-
galvanic coupling and deteriorate the corrosion performance [32,33]. However, the impact of
plastic deformation on the micro-galvanic corrosion between the precipitate and its surrounding
matrix is not also well understood. The present study is aimed to focus on these gaps by
investigating the relationship between various cold deformation levels, microstructure, and

corrosion properties in 13Cr martensitic stainless steel.

2. Experimental Procedure

2.1. Sample Preparation

A 13Cr martensitic stainless steel (UNS S42000) with the measured chemical composition
summarized in Table 2.1 was used in this study. The material of the study was sectioned from
a long tube that was austenitized at 1020 °C for 30 min in a vacuum furnace, followed by rapid
cooling. The material was then hot deformed and tempered at 250 °C, followed by cooling in

air.

To induce various plastic deformation levels in the samples and create a microstructure
containing a stronger texture, the samples were plastically deformed under uniaxial tension at
the strain rate of 10° s up to the elongations of 5% and 22% (approximately fracture
elongation). The samples for electrochemical experiments were cut from the center of the
uniaxially tensioned samples. The sample preparation steps followed by the corrosion testing

are illustrated schematically in Figure 2.1.

Table 2. 1. The measured chemical composition of 13Cr stainless steel used in this study (all
data in wt.%)

C Cr Mn Mo P S Si Cu Al Co Fe

022 1323 048 0.03 0.014 0.002 039 0.027 0.08 0.018 Bal
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Figure 2. 1. Schematic of the sample preparation procedure for the subsequent corrosion
testing.

2.2. Electrochemical Analysis

The exposed surface of the samples was cold mounted into an epoxy resin, ground using 500
grit sandpaper, and ultrasonically cleaned in acetone, followed by polishing to a mirror-like
finish using alumina suspension up to 0.02 um. To avoid crevice corrosion along the sample-
epoxy interface, the edges between the sample and the epoxy were coated using a masking
lacquer. All electrochemical measurements in this study were performed in aerated 3.5 wt.%
NacCl solution. The solution’s temperature was maintained at 25+0.5 °C using a temperature-
controlled water bath. A standard three-electrode cell set-up, containing a graphite rod as the
counter electrode, a saturated Ag/AgCl electrode as the reference electrode, and the 13Cr
stainless steel specimen as the working electrode, was used. The open circuit potential (OCP)
was monitored for one hour prior to each test. Cyclic potentiodynamic polarization (CPP) tests
were performed at a scanning rate of 0.5 mV/s, commencing at -0.2 V vs OCP. The EIS

measurements were conducted over the frequency range of 100 kHz to 10 mHz with a signal
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amplitude of 10 mV. The CPP and EIS experiments for each condition were repeated at least

3 times to ensure the reproducibility of the results.

2.3. Microstructural Characterization

To reveal the microstructural characteristics of the samples, samples were cut and mounted in
an epoxy resin from both the non-deformed sample and the gauge length of the deformed
samples. The mounted samples were prepared following standard grinding and polishing
procedures for the MSS materials. Villella’s reagent was used for etching of the polished
surfaces. Microstructural features of the samples were revealed using a FEI MLA 650F
scanning electron microscope (SEM) equipped with a high throughput Bruker energy
dispersive X-ray (EDX) analytical system and an HKL EBSD system. EBSD analysis was also
performed on polished samples to acquire crystallographic orientation micrographs (inverse
pole figures (IPF)), pole figures (PF), and grain boundary maps. EBSD data points with a
confidence index (CI) lower than 0.01 were not included in the analysis. Channel 5 software
was used to process and analyze the EBSD data. X-ray diffraction (XRD) analysis was also
performed at 40 kV and 35 mA with an aperture of 2 mm over a diffraction angle range of 40°-
90° with a step size of 0.01° using a Rigaku Ultima IV X-ray diffractometer with Cu-kq
radiation (A = 1.54056 A). Peak positions of index data were compared with those obtained

from the standard powder diffraction file (PDF) cards.

3. Results

3.1. Mechanical Properties Characterization

Figure 2.2 shows the engineering stress-elongation diagram along with the hardness variation
of the alloy at different levels of plastic strain. Accordingly, the base metal revealed the yield
strength (YS) of 365+6 MPa and ultimate tensile strength (UTS) of 76944 MPa. The elongation
value at the initiation of the homogenous plastic deformation (the yield point) was around

69



1£0.15% and the onset of the inhomogeneous plastic deformation (UTS point) was at
~104£0.20%. As depicted in Figure 2. 2, the plastically deformed samples for the purpose of
electrochemical testing were prepared from 5% elongated and the fractured samples possessing

the largest possible plastic strain.

The variation of Vickers hardness data indicates that by increasing the deformation level from
5% to 22%, the hardness increases from 245+1 HV to 280+1 HV, attributed to the increased

level of strain hardening in the alloy.

800 — 300
| i
— 280
600 ! |-
>
S | fractured! | 260 T
= | | [
i 400 | | 1 &
£ T
b i | |5% deformed | 240 S
| |
200 | | a2t
l — Stress-strain cur&e
T : - Hardness | .
D T I ] I T | T | I T 200
0 5 10 15 20 25

Elongation/ %

Figure 2. 2. The stress-elongation curve and the variation of hardness values at different
strain levels, indicating the degree of plastic deformation in the deformed samples prior to the
corrosion testing
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3.2. Microstructure Characterization

Figure 2.3 shows the XRD spectra for all samples. Three peaks corresponding to the martensite
phase (M) were observed for the three samples in angles ranging from 40° to 90°, indicating
martensite as the dominant phase in the microstructure. Anantha et al. [7] have also detected
peaks corresponding to the formation of retained austenite and undissolved carbides in the
XRD spectra. However, none of those phases were detected on the XRD spectra herein,

plausibly due to their drastically lower volume fraction as compared to the martensite phase.

— Base metal
(110)y, — 5% Elongated

— Fractured

5 (200) (211)

«© A " JLm

>

k7

c

Q

£

?

N A v,

©

£

0

pd

1 I 1
40 50 60 70 80 920

20/°

Figure 2. 3. The XRD results showing the presence of the martensite phase.

Figures 2.4 and 2.5 illustrate the SEM micrographs taken from the prepared samples at different
deformation levels. As shown in Figures. 2. 4a and 4b, the non-deformed base metal sample

exhibited a high-volume fraction of precipitates embedded in a matrix of martensite lathes
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originated from the hierarchical tempered martensite. Precipitates were mainly coarse carbides
distributed homogenously in the Fe matrix and mostly within the lath boundaries along with
fine intra-lath carbides with the diameter of nearly 200 nm propagated through laths possibly
generated during the tempering process. The geometry of coarse inter-lath precipitates is nearly
round-shaped, while the fine precipitates have capsule-like shapes [7]. Analogous to the non-
deformed sample, the 5% elongated sample revealed a high-volume fraction of coarse carbides
along with intra-lath carbides in the matrix, shown in Figure 2. 5a. The EDX elemental
mapping of the microstructure (Figures 2. 5b and 5c) revealed higher concentration of
chromium and carbon for the precipitates, where Fe was depleted (Figure 2. 5d), indicating the
chromium carbide nature of the formed precipitates. No high concentration for the other
alloying elements was observed indicating no further enrichment or depletion. The fractured
samples (Figures 2. 4c and 4d) showed the distribution of both inter-lath and intra-lath carbides.
As shown in Figures 2. 4c and 4d, the formation of micro-cracks along the larger precipitates-
matrix interface and in some cases breakage of the large precipitates were detected at the high

plastic strain of 22%.
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Figure 2. 4. SEM micrographs of the (a) base metal, (b) higher magnification of the enclosed
area in (a), (c) fractured sample (d) fractured sample at a higher magnification.

Figure 2. 5. (a) The SEM micrograph of the 5% elongated sample, and its corresponding
EDX elemental mapping showing (b) chromium concentration, (c) carbon concentration, and
(d) iron concentration.
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Figure 2.6 shows the inverse pole figures (IPFs) from the microstructure of the non-deformed
base metal, the 5% elongated sample, and the fractured sample, revealing an extremely finer
structure (average lath size < 1 um) in all samples. Slight refinement was detected in the
samples after fracture. The average lath size in the non-deformed base metal was 0.79 um, and
it decreased to 0.76 pm and 0.64 pm for the 5% deformed and fractured samples, respectively.
It is reported that the refinement during the cold deformation is resulted from the elongation
and breakage of the grains [34,35]. Similarly, Ueji et al. [36] observed the grain refinement of
low carbon steel during cold deformation by rolling and ascribed the formation of ultra-fine-
grained structure to the characteristics of the martensite starting structure. Bracke et al. [37]
investigated the effect of cold deformation on the texture and microstructure of the austenitic
Fe-Mn—C alloy and reported that the mechanism behind grain refinement was based on the
nucleation and growth of the recrystallized state in an energetically homogeneous

microstructure.

In MSS, the deformation mechanism is controlled by grain boundaries hardening due
to the dislocation pile up and precipitate fragmentation [8,38]. The quality of Kikuchi patterns
of EBSD results can be affected by the deformation level due to the formation of microcracks,
grain and precipitate fragmentation, the density of slip line, twinning, and the formation of
deformation-induced martensitic phase [39,40]. However, the quality of IPF results herein was

not found to be affected by the increased deformation level in the alloy
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Loading direction

Figure 2. 6. EBSD inverse pole figure and grain boundaries maps of the (a) non-deformed
base metal, (b) 5% elongated sample, and (c) fractured sample.

Figure 2.7 exhibits the distribution of high-angle grain boundaries (HAGBs), medium-angle
grain boundaries (MAGBs), also known as coincidence site lattice (CSL) boundaries, and low-
angle grain boundaries (LAGBs) in all samples. While the fraction of LAGBs is nearly the
same for the base metal and the 5% elongated sample, a high fraction of LAGBs was observed
in the fractured samples. LAGBs represent low energy boundaries and are known to be less
susceptible to corrosion attack [41]. The fraction of HAGBs remains relatively constant in all
samples with various deformation levels. It is reported that the high frequency of MAGBs can
improve the corrosion resistance, while consequent discontinuity of the random boundaries

(HAGBSs) can deteriorate the corrosion properties [41,42].

The pole figures of the samples obtained from the EBSD data are shown in Figure 2.8. The
active slip planes in the BCC materials are generally {110} and {111} families of planes while
the {100} planes are responsible for phase transformation textures [43]. They also mentioned
that the uniaxial deformation, such as tension, generally leads to the formation of a fiber type
texture. The uniaxial deformation of BCC alloys leads to the formation of {110} fiber texture
after cold deformation [44]. The {110} and {111} pole figures for the base metal (Figure 2.8a)
show random textures with an intermediate intensity along the generated poles. The 5%
elongated sample revealed a texture component aligned with the direction normal to the loading
direction (LD) for the {111} planes. The fractured sample depicted a strong texture for the

{110} plane with one pole concentrated along the direction normal to the loading direction. A
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more random texture for the {111} planes approximately aligned with the loading direction
was also detected for the fractured sample. An analogous texture distribution in BCC steels is
reported during the rolling process, revealing a strong texture component for the close-packed
planes of {110}[45]. According to Kumar ef al. [46] and Phadnis et al. [25], the presence of a
texture component in close-packed crystallographic planes parallel to the sample surface can

improve the corrosion properties.

——— LAGBs (1° < 8 < 5°)

— MAGBs (5° < 8 < 15°)
— HAGBs (15° < 0 < 62.8°)

Figure 2. 7. EBSD grain boundary maps showing the distribution of HAGBs, MAGBs, and
LAGBs in the (a) non-deformed base metal, (b) 5% elongated sample, and (c) fractured
sample.
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Figure 2. 8. Pole figures (PFs) for the (a) non-deformed base metal, (b) 5% elongated
sample, and (c) fractured sample.

3.3. Corrosion Results

The open-circuit potential (OCP) trends for all samples are displayed in Figure 2.9. A slight
fluctuation of OCP was recorded for the base metal from the onset through the whole
measurement. Anantha et al. [7]showed that fluctuation of the OCP represents a continuous
occurrence of metastable localized corrosion (pitting) during the OCP monitoring. Fluctuations
with lower intensity were also recorded for the 5% elongated and fractured samples exhibiting
few peaks during the OCP monitoring. The presence of fluctuations hindered measuring the
exact value for the OCP, however, the average OCP value for the base metal was ~ -0.11
Vagagcl, while it decreases to -0.17 Vagagcr and -0.20 Vagagcr for the 5% deformed and
fractured samples, respectively, showing a deterioration in the stability of the passive film by
increasing the degree of plastic deformation in the sample. It is well established that the OCP

has a close relationship with the density and integrity of the passive film [47]. A nobler value
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for the OCP indicates better passivation state of the stainless steel attributed to the existence of
a higher quality and denser passive film on the sample’s surface. Hence, the measured lower
OCP values for the deformed samples reveal their inferior passive film stability as compared
to the non-deformed base metal. It is shown that the decrease in the OCP value can be also

correlated to the decrease in the thickness of the passive film [47].
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Figure 2. 9. The open-circuit potential (OCP) values over time for all studied samples.

To study the electrochemical behavior of all samples, CPP testing in aerated 3.5 wt.% NaCl
solution at 25 °C was conducted and the results are shown in Figure 2.10. The values for the
corrosion current density (icorr) corrosion potential (Ecorr), passive current density (ip), pitting
potential (Epit), anodic and cathodic Tafel slope (Baand B ) were extracted from the graphs and
are summarized in Table 2. 2. The CPP graphs of samples revealed that by increasing the level
of deformation , corrosion current density is slightly increasing, as outlined in Table 2. 2. It can

be seen that Ecorr 1s relatively the same for the 5% elongated and fractured samples (~ -164
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mVagagcl and -171 mV ag/agc, respectively), while it decreases to -199 mV ag/agci for the base
metal. It is also observed that anodic resistance is decreased by increasing the level of
deformation. Moreover, the i, value slightly increased by increasing the deformation level from
0.103 pAcm for the non-deformed base metal to 0.134 pAcm™ for the fractured sample. The
passive current density is a criterion corresponding to the mobility of the chromium into the
solution and indicates the protective characteristic of the passive film during the passivation
process[48,49]. A higher passive current density indicates a higher mobility of the chromium
to the solution and lower enrichment of the chromium at the passive state, suggesting a less
protective nature for the passive film. The pitting potential of 154 mV ag/agc1 was recorded for
the base metal. The pitting potential was decreased to 134.3 mV ag/agci for the 5% elongated
sample and to 45 mVagagci for the fractured sample. The measured lower pitting potential
value for the fractured sample is in good agreement with the OCP results, exhibiting lower
stability of the passive film on the severely deformed sample, leading to its lower corrosion
resistance against pitting corrosion. These results are in good agreement with the findings of

Luo et al. [50] and Barbucci et al. [27], on different grades of stainless steel.
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Figure 2. 10. The cyclic potentiodynamic polarization curves for the 13Cr stainless steel in
aerated 3.5 wt. % NaCl solution at room temperature.

Table 2. 2 .The electrochemical parameters extracted from the polarization graphs of
the non-deformed and deformed 13Cr stainless steel material.

Sample fcor (WA cm?)  Econ(MVagaga)  1p(LA cm?)  Epie(MVagaecr) B, (mV decade ')  B. (mV decade )
Base metal 0.01140.0008 -199+27 0.103%+0.003 154424 1214222 -90+7.3
5% Elongated 0.01310.0005 -164+17 0.12540.004 134+19 115+2.4 -89+6.4
Fractured 0.018+0.0003 -171+£19 0.131£0.004 45+13 117+1.6 -12249.1

The EIS measurements were implemented to characterize the effect of cold deformation on the
electrochemical behavior of the passive film in a solution containing 3.5 wt.% NaCl at room
temperature. Figure 2. 11a shows the effect of uniaxial tension deformation on the Nyquist
plots of 13Cr martensitic stainless steel. Similar capacitive loops were observed in all Nyquist
plots, confirming the consistency of the corrosion mechanism in all samples regardless of the
level of plastic deformation. It is shown that the diameter of the capacitive semicircle is related

to the corrosion resistance [51]. The larger diameter of the semicircle is associated with the
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higher corrosion resistance of the passive film. Hence, the large diameter of semicircle for the
base metal indicates its higher corrosion resistance, consistent with the obtained OCP and CPP
results. The effect of uniaxial tension on the Bode plots of 13Cr martensitic stainless steel is
illustrated in Figure 2. 11b. For a wide range of frequencies, linear behavior is observed for log
|Z| over log f, and constant phase angle 6 near -80° is recorded, confirming the formation of a
stable passive film on the surface in solution containing 3.5 wt.% NaCl. According to plots of
impedance magnitude vs. frequency, polarization resistance (Ry=Ri+R>) can be obtained in
low-frequency levels, while solution resistance (Rs) is expressed at the high-frequency region

and middle-frequency regions of the plots are showing CPE; and CPE:.

300
(a) 1 b
200 H
& &
g : H
< g 3
N N
100 —
O Base metal
5% els ted
E F:’;;::ET € © Base metal A Fractured
— Fitting Data O 5% Elongated — Fitting Data
0 T T T T T
0 100 200 300
2'(K Qcm2)
(c)
R

Solution

Figure 2. 11 (a) Nyquist plots and (b) Bode plots obtained from 13Cr stainless steel with
different deformation level in aerated 3.5 wt.% NaCl electrolyte at room temperature, (c)
schematic representation of the physical model and the equivalent circuit model used to
describe the EIS data.

The schematic representation of the interface between the formed passive layer and the
stainless steel substrate is shown in Figure 2.11c¢. Various equivalent circuit (EC) models have

been adopted to interpret the impedance spectra results in stainless steels [52]. In this study,
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the EIS spectra data were modeled and fitted using the two times constant EC model (shown
in Figure 2. 11c¢). Although the EIS plots do not exhibit a clear two-times constants behavior,
the fitted EC model was found to increase the fitting accuracy significantly. The formation of
a thin passive layer on the surface of various grades of stainless steel can lead to the overlap of
two-time constants, making it difficult to distinguish between the characteristics of the passive
oxide layer/electrolyte interface and the passive oxide layer [53,54]. Freire et al. [55] and
Kocijan et al. [52] have stated that the non-ideal capacitance response of the interface requires
the usage of constant phase element (CPE). In order to address the micro or nano surface
inhomogeneities, such as surface roughness, porosity, grain boundaries, and impurities at
stainless steel surface, CPE was used instead of a perfect capacitance. The impedance of a CPE

(Z(w)) can be calculated using [56]:

Z(w) = Z5 . (iw)™" (1)

where Zo is the admittance magnitude of CPE, w is the angular frequency, and n is the CPE
exponent. The n factor is between 0 to 1. In the EC model, R; is the NaCl solution resistance,
R1 and R> are the passive film and charge transfer resistances, and CPE; and CPE; are the
capacitance of the passive film and the double layer capacitance, respectively. The detailed
fitting parameters of the obtained EIS results are listed in Table 2.3. The values for the Ry and
R> decreased by increasing the deformation level, indicating lower protective effect of passive
film at high deformation levels. The values of the CPE; and CPE: for deformed samples are
higher than base non-deformed samples, which is an indication of more defects in the passive
film for deformed samples. The n; and nz valuers are relatively near to 1 and exhibit a

reasonable capacitive behavior of the passive film layer for all samples.
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Table 2. 3.The fitted electrochemical parameters for the obtained impedance spectra.

Sample  Rs(Qcm?)  CPE:i (Qlcm?s") ni R1(Qcm?) CPEz (Q'cm2s™) n R2 (Qcm?) Z x>
Base 5 4002 1.00x105£106  0.93£0.01  1.02x106£10° 1 5+10°6 or1p 132X
metal . . . . . . 517x10°£10 0.77£0.01  4.65%10°+10 104

5% 51106 51102 51106 61102 127X
3.43+0.04 5.22x10~%10 0.87£0.01 2.22x10°+10 2.25x107%10 0.87+£0.02  1.23x10°+10 4

Elongated 10
Fractured  3.64%0.07 4.42x107£10° 0.87+£0.01  1.03x10°£10? 1.85x10°£10¢ 0.98+0.01  1.32x10°+102 1'150{:(

4. Discussion

4.1.Effect of Grains Orientation on the Corrosion Behavior
To understand the corrosion mechanism in stainless steels, the dominant factor(s) controlling
the protective passive film stability needs to be investigated. The integrity and density of the
passive layer directly impact the evolution of the corrosion potential[47]. On this context, It
has been shown that the deformation process can potentially deteriorate the integrity and the
thickness of the passive film, leading to the reduced corrosion potential of the surface [39,47].
Such detrimental effect of the applied plastic deformation on the electrochemical stability of
the surface is in good agreement with the results presented herein. Although the measured
lower pitting corrosion resistance and passive layer resistance in the deformed samples in this
study are clearly attributed to the decreased stability of the passive film, the factors that

contribute to such instability in the passive film need to be further elaborated.

The microstructural analysis of the samples confirmed a slight refinement for the fractured
samples. It is well known that finer structures provide larger boundary areas, and since most of
the precipitates form along the boundaries, it can consequently lead to an increased galvanic
coupling over the entire microstructure exposed to the corrosive electrolyte. The SEM
micrographs of the fractured sample after the CPP testing (Figures 2.12a and 2.12b) depict

randomly distributed large pits, in addition to micro-pits that were detected at higher
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magnifications. These micro-pits correspond to the onset location of larger pits, initially formed
during either the meta-stable (E < E,it) or stable pitting (E = Epj) initiation state, and gradually
grow to larger pits during the cyclic polarization test. Interestingly, the larger pits seem to be
propagated along the loading direction (Figure 2.12a). The propagation of growing pits with
comet-shaped morphology is usually caused by the aggressive local chemistry of the
environment resulting from the growing pit, which flows downwards due to gravity [57-59].
The alignment of the loading direction and the pits propagation direction in the studied samples
is attributed to the coincidental alignment of the loading direction and the direction of gravity

during the potentiodynamic testing.

Studying the locations of micro-pits can provide substantial information regarding the driving
force for the initiation of pitting in deformed samples. The micro-pits locations for the base
metal, 5% elongated, and fractured samples are shown in Figure 2.13. The locations of micro-
pits were found to be nearly the same for the deformed and non-deformed samples and were

detected near the lath boundaries where the inter-lath carbides are mainly concentrated.

Although the general impact of the grain boundaries on the plastic deformation of materials is
discussed thoroughly, the effect of grain boundaries on the electrochemical stability of the
surface is highly complex [60,61]. In this study, the severely deformed sample showed a higher
volume fraction of LAGBs relative to that of the base metal and the 5% deformed sample. Ren
et al. [62] reported that a high volume fraction of LAGBs can lead to corrosion properties
enhancement. On the other hand, Tan et al. [63] claimed that the corrosion behavior is also
affected by the fraction of CSL boundaries in the microstructure. In general, grain boundaries
are considered as high diffusion paths, and their low energies can hinder high-speed diffusion.
Due to the low energies of the low-X CSL boundaries, the diffusivity is reduced along these

grain boundaries, resulting in a grain boundary diffusivity that is very close to the bulk
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diffusivity [64]. Thus, a relatively uniform bulk diffusivity is expected to occur in the sample
without cold deformation, promoting the formation of a homogenous and continuous
chromium oxide passive film. The fraction of CSL boundaries in the deformed samples
remained relatively constant in this study, thereby its effect is not a dictating factor in
controlling the corrosion mechanism. Analogously, the contribution from LAGBs was not a
determining factor in dictating the electrochemical response of the deformed samples studied
herein, considering their impaired corrosion properties as compared to the non-deformed base

metal.

In addition to the grain boundaries distribution, the preferential texture of certain
crystallographic planes aligned with the exposed surface of the sample can further contribute
to the electrochemical stability of the surface. It is reported that the high-density close-packed
crystal planes possess better corrosion properties and better passivation and re-passivation
characteristics [65]. The close-packed plane for the metals with BCC crystal structure is {110}
plane. Among the studied samples herein, the fractured sample revealed the strongest {110}
texture parallel with the sample’s surface. However, the degraded electrochemical properties
of this sample imply that the formed texture component in this sample cannot be the dominant
factor in controlling its corrosion behavior. The pitting resistance of stainless steels are also
affected by the texture formation in low index planes of {100} and {111}. Shahryari et al. [66]
reported that {100} and {111} planes were less prone to pitting corrosion initiation for 316L
austenitic stainless steel, although the overall impact of the texture on the corrosion properties
of the alloy was reported to be insignificant. In the current study, the base metal exhibited
relatively stronger texture components in the {100} and {111} planes as compared to the
fractured sample. However, the small differences in the intensity of the pole figures between
the base metal and fractured samples along with the stronger texture in the {110} planes for

the fractured sample leads to a complex effect of the texture on the corrosion performance of
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the alloy, making it relatively complicated to interpret the correlations between the

crystallographic orientations and corrosion behavior of the samples.

Loading ; S8 T Wlicro-pits.
Direction 4 : % Jocation’
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Figure 2. 12. SEM micrographs of the fractured sample after CPP testing indicating (a) the
pitting propagation direction and (b) micro-pits locations.
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Figure 2. 13. SEM micrographs taken from the surface micro-pits after CPP testing of the (a)
base metal, (b) 5% elongated sample, and (c) fractured sample.

4.2.Effect of Precipitation on the Corrosion Behavior
Considering previous studies on the effect of precipitates, particularly carbides, on the
corrosion behavior of stainless steels, it is frequently reported that in most cases, the matrix
phase is electrochemically less noble than the precipitates [7,67]. It is stated that the interface
between the matrix and the precipitates is more susceptible to localized corrosion attack
[35,67]. The high potential difference between the matrix and the embedded constituents can
accelerate the micro-galvanic coupling, in which the matrix acts as a local anode and the

carbides as the local cathode [68]. Figure 2.14 shows the SEM micrographs of the fractured
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and 5% elongated samples after CPP testing and their corresponding elemental maps for
chromium concentration. The intensity of pitting on the surface of the fractured sample after
the CPP testing was found to be much higher than that of the 5% elongated sample (compare
Figure 2. 14a to Figure 2. 14c¢). The chromium concentration maps taken from the fractured
and 5% elongated samples after cyclic polarization testing (Figures 2. 14b and 14d,
respectively) revealed high concentration of chromium inside the elongated comet-shaped pits
or on the side of circular pits, suggesting the preferential dissolution of Fe from the surface of
the alloy into the electrolyte, while chromium element, which primarily exists in the form of
Cr-carbide precipitates, does not seem to leach from the surface. The higher magnification
SEM micrographs taken from the corroded surfaces of the studied samples shown in Figure 2.
13 also confirmed the onset of corrosion pits from the carbides-matrix interface. The
microstructure of the non-deformed and deformed samples showed the random distribution of
coarse carbides. It is reported that the existence of larger carbides surrounded by more
expanded sensitized regions (Cr-depleted zones) in the structure provokes the pitting

susceptibility of the alloy [69,70].

The SEM micrographs of the samples (Figures 2. 4 and 2. 5) confirmed that the fractured
sample contained relatively finer precipitates generated through the fragmentation of coarser
undissolved brittle carbides during severe plastic deformation of the sample. Breakage of a
coarse carbide precipitate surrounded by an expanded sensitized region into smaller
precipitates also splits the large sensitized region into smaller sensitized zones, each adjacent
to the finer precipitates. Consequently, the number of susceptible locations to stable pitting on

the surface increases.

The potential difference between the precipitates and matrix can stimulate micro-galvanic

coupling and act as the main driving force for corrosion [7]. However, the galvanic coupling is
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not only affected by the magnitude of potential difference but also the distance between the
anodic and cathodic sites can affect the severity of the corrosion drastically. Uniaxial tension
can lead to the breakage of the carbides and decrease the distance between the precipitates,
leading to a provoked micro-galvanic coupling effect at higher deformation levels [71].
Furthermore, it was observed that the applied plastic strain to the matrix under uniaxial tension
leads to the formation of a more expanded interface region between the matrix and inter-lath
carbides (Figures 2. 4c and 4d). The expanded interface region provides a larger chromium
depleted zone that can further accelerate the formation and propagation of pitting if the
chromium concentration decreases to lower than 11 wt.%. Figures 2. 15a and 15b show the
SEM micrographs taken from the interface regions between the matrix and inter-lath carbide
particles in the base metal and fractured samples along with their corresponding EDX line
scanning across the depicted arrows (Figures 2. 15¢ and 15d). A sudden decrease in chromium
concentration adjacent to the precipitates is observed in both the fractured and base metal
samples, making the precipitate-matrix interface region prone to pitting corrosion. The EDX
line scanning results revealed a more expanded interface regions (a1 + a2) between the matrix
and carbide (chromium-depleted zones) for the fractured sample relative to the base metal. A
larger interface with a low concentration of chromium (near 11 wt.%) is less resistant to
corrosion and is prone to initiation and propagation of micro-pits. Hence, the possibility of
initiation and propagation of pitting in deformed 13Cr stainless steel samples is higher than the

non-deformed base metal, leading to the deterioration of the corrosion resistance of the alloy.
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Figure 2. 14. The SEM micrographs from the samples after cyclic polarization tests and their
corresponding Cr concentration maps: (a,b) the fractured sample, and (c,d) the 5% elongated
sample.

5. Conclusions
In this study, the effects of plastic deformation on the microstructure and corrosion behavior

of 13Cr martensitic stainless steel are investigated. Samples with deformation levels of 5% and
22% (fracture elongation) were prepared using uniaxial tensile testing, and their microstructure
and corrosion properties were investigated thoroughly and compared with the non-deformed
base metal. The fractured sample revealed a high fraction of LAGBs with a strong {110}
texture, while the 5% elongated and the non-deformed base metal samples showed lower
densities of LAGBs, possessing a weaker {110} texture. A more stable and higher corrosion
potential value was measured for the base sample, indicating better stability of the passive film
on its surface, whereas the 5% elongated and deformed samples showed lower corrosion
potential values over time with a higher fluctuation of their OCP values. From the CPP test

results, a higher pitting potential value was detected for the base metal, consistent with the
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trends of OCPs. EIS results also revealed a higher capacitive resistance for the non-deformed

sample.

The corrosion morphology of the samples after the CPP testing revealed the formation
of micro-pits primarily along the lath boundaries where a high concentration of chromium
carbide precipitates was observed. The interface region between the matrix and coarse
chromium carbides was found to be more susceptible to localized pitting corrosion. The
sensitized regions at the periphery of the precipitates were found to be elongated under the
uniaxial tension, leading to a higher fraction of susceptible regions to initiation and propagation
of pitting in deformed samples. Consequently, the corrosion resistance of the alloy was found

to deteriorate by increasing the applied plastic strain in the sample.

(b) — base metal

-
o
|

-
)
|

=
[
]
£
©
=
$ 14 -
(%}
c
g
o
]
2]
g
o

0 200 400 600 800 1000
Distance (nm)

— Fractured

Cr-depletion

carbide 41""95

Matrix K .
-

zone ! Matrix

zone

0 200 400 600 800 1000 1200
Distance (nm)

Figure 2. 15. The SEM micrographs taken from the matrix-carbide precipitates interface and
their corresponding Cr composition line scan analysis results across the arrows shown on the
SEM images for (a,b) the non-deformed base metal and (c,d) the fractured sample.
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Chapter 3

Effects of Microstructural Evolution on the Corrosion Properties of AISI 420

Martensitic Stainless Steel during Cold Rolling Process”
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chapter, I and my colleagues, Dr. Ali Nasiri and Mostafa Kazemipour, investigated the impact of
microstructural evolution on the corrosion response of the AISI 420 martensitic stainless steel after
the cold rolling process. I was responsible for preparing methodology, experimental testing, result
gathering, and drafting of the original manuscript. Subsequently, I revised the paper based on my
colleagues’ initial comments and the peer-review process. The co-authors contributed to the
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Abstract

In this study, the impacts of plastic deformation induced by compressive stresses on the
evolution of the microstructure and the resultant corrosion properties of AISI 420 martensitic
stainless steel (MSS) are investigated. With multiple applications in downhole environments, AISI
420 martensitic stainless steel was chosen, and cold rolling was implemented to develop
preferentially textured samples of this alloy. The non-deformed samples of the base metal were
cold-rolled to the deformation levels of 25% and 50%. The performed corrosion analysis herein
confirmed a more stable passive layer and a higher corrosion resistance for the base metal, while
the 25% and 50% rolled samples exhibited higher susceptibility to localized pitting corrosion. A
detailed study of the corrosion morphology of all samples revealed the preferential pitting at the
regions with a high fraction of fragmented carbides. As the deformation level increases, a higher
fraction of fragmented precipitates forms in the microstructure, provoking the micro-galvanic

coupling and deteriorating the corrosion resistance.
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1. Introduction

Cold deformation as a step in the manufacturing process is commonly applied in the fabrication of
many engineering components and alloys, including stainless steels. One of the most frequently
used stainless steel families in highly corrosive environments, such as in marine and downhole, is
martensitic stainless steel and, in particular, 13Cr (AISI420) stainless steel, owing to its excellent
combination of high strength, good corrosion resistance, and reasonable cost for high-volume and

large-scale applications.

Corrosion properties of martensitic stainless steels (MSS), similar to the other grades of
stainless steels, are highly dependent on the quality and the thickness of the formed oxide passive
layer, which is primarily composed of iron, chromium, and oxygen elements [1,2], covering the
entire surface of the component. Based on the exposed environment, the atomic percent ratio of
the Fe/Cr in the passive layer can change between 1.5 (in the aerated solution) to 7.2 (in contact
with air), affecting the corrosion resistance of the MSS due to the changes in the structure and the
formation mechanism of the passive layer [3,4]. The increase in the chromium content of the
stainless steel is associated with the formation of a more stable and thicker passive layer on the
material, leading to its enhanced corrosion resistance [5,6]. The structure of the protective passive
layer in the MSS is also reported to be dependent on the exposed thermal history and its formation
kinetics [7,8]. Thermal treatments of the MSSs are usually accompanied by a hardening process
to enhance the mechanical performance of the steel in service [9]. These thermal treatments
normally contain a cycle of austenitization treatment up to a temperature in which the matrix
completely transforms into the austenite followed by relatively rapid quenching at cooling rates
higher than 0.25 K.s™! in order to achieve a fully martensitic structure [10-12]. The high cooling

rates (310 K.s! ) associated with the quenching process can lead to the stabilization of retained
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austenite and d-ferrite in the microstructure at room temperature [9,11,13—15]. On the other hand,
due to their insufficient dissolution during the austenitization or their formation during the
quenching process, inter-lath carbides can coexist along with the martensite phase [16]. The
hardening treatment is usually followed by a tempering process to enhance the toughness and
formability of the alloy and to relieve the residual stresses associated with the martensitic
transformation, leading to the formation of fine newly precipitated carbides in the martensite
matrix [9]. Variations in the volume fraction of inter-lath carbides, fine intra-lath carbides, retained
austenite, and d-ferrite can all significantly influence the mechanical performance and corrosion
properties of the heat-treated MSSs [9,14,15]. While the formation of large inter-lath carbides can
intensify the selective corrosion attack [16], the high volume fraction of the retained austenite is

reported to improve the pitting corrosion of the MSSs [15].

In addition to the thermal treatments, applying plastic deformation can also have a drastic
impact on the final microstructure of the material, and subsequently, on its mechanical properties
and corrosion performance. Several electrochemical and metallurgical factors are involved in
controlling the corrosion mechanism of cold-deformed stainless steels [17,18]. The major studies
on this context have been focused on the austenitic stainless steels family [19-21]. It is reported
that the cold deformation could change the composition of the passive film, leading to the
formation of CrO; and metal Ni species in the passive film of 304L stainless steel after cold
deformation, while the Ni-oxide was detected to form after applying more severe plastic
deformation [22,23]. From the crystallographic perspective, applying cold-deformation to
austenitic stainless steels can lead to the formation of preferential texture aligned with the loading
direction [21,24]. If this alignment leads to the re-arrangement of the high density close-packed

crystallographic planes parallel to the loading direction, it can potentially enhance the corrosion
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properties of the alloy due to the formation of a more stable passive layer on its surface [19,25].
As an example, the formation of Cr-rich passive layer on 304L austenitic stainless steel, cold-
rolled to 66% reduction, possessing a high density of close-packed planes parallel to the
specimen’s surface, was reported to enhance the pitting potential of the alloy [19]. However, the
effect of texture is minimized at lower deformation levels due to the lower density of close-packed
planes aligned with the rolling direction (RD) [26]. At lower deformation levels, the effect of
deformation-induced residual stress on the corrosion properties of the alloy becomes more
dominant [19]. As another deformation-induced microstructural modification in austenitic
stainless steels, continuous strain hardening during deformation can provoke the strain-induced
martensitic transformation, causing the increased fraction of d-martensite phase in the alloy, which
can detrimentally affect the corrosion performance of the alloy [27]. At lower deformation levels,
the corrosion mechanism of austenitic stainless steel is controlled both by the degree of residual

stress and the fraction of d-martensite phase in the alloy [20].

It is also expected that during cold deformation, a change in the fraction of low-
2. coincident site lattice (CSL) boundaries occur, directly impacting the corrosion properties.
Low-). CSL boundaries are low energy boundaries with less susceptibility to impurity [28,29].
High-); CSL boundaries and random boundaries are known to be fast diffusion paths [30].
Differently, the low energy level of Low-); CSL boundaries hinders the fast diffusion, leading to
the grain boundaries diffusivity very similar to the bulk diffusivity [30]. A more uniform
diffusivity inside the grains and along the grain boundaries can significantly enhance the formation
of a uniform passive layer with improved corrosion resistance [31]. Several studies have reported

that the fraction of Low-), CSL boundaries decreases by increasing the deformation level [22,32].
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An increase in the fraction of the Low-), 3" CSL boundaries was reported by West et al. [33] to

improve the inter-lath stress corrosion cracking resistance of 316L stainless steel alloy.

For the MSSs, although there is a potential difference between the precipitated carbides and
the matrix, the highest potential contrast has been reported between the carbide particles and the
interface of matrix and carbides [16]. Such potential difference can accelerate the micro-galvanic
coupling in which the interface and the carbides act as the local anode and local cathode,
respectively, consequently deteriorating the corrosion properties of the alloy [34,35]. The
microstructure of AISI 420 martensitic stainless steel commonly possesses two types of
constituents, including the coarse chromium-carbide particles embedded along the grain
boundaries with spherical shapes, produced commonly during the post-annealing heat treatment,
and the nano-scale intra-lath precipitates of chromium carbides, formed within the lath martensitic
structure during the tempering process [16]. Coarse carbides significantly contribute to the
corrosion of alloy due to their high potential difference with the matrix, while the contribution of
nano-scale carbides is rarely investigated. Therefore, characterizing the constituents’ evolution
during plastic deformation of the alloy and elucidating their effects on the corrosion performance

are of vital importance.

While several studies have concentrated on characterizing the passive layer properties along
with the effect of texture and grain boundaries on the corrosion performance of deformed steels
[22,36-38], there is no study on characterizing the effect of micro-constituents’ evolution during
cold deformation on the localized corrosion behavior of martensitic stainless steels. A
comprehensive study on the evolution of these secondary phases during deformation and their
effects on the corrosion performance of the alloy can enlighten the dominating factors that control

the corrosion mechanism in this family of stainless steels. In this study, the impacts of cold rolling-
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induced plastic deformation on the microstructural evolution and the resultant corrosion response
of the AISI420 martensitic stainless steel are thoroughly investigated and compared with those of

the non-deformed sample.

2. Experimental Procedure

2.1.Sample Preparation
The chemical composition of AISI420 martensitic stainless steel used in this study is summarized
in Table 3.1. To induce plastic deformation and to create a textured microstructure, as-tempered
samples with a thickness of 5 mm were plastically deformed through the rolling process. The
reduction in thickness was adjusted to 0.125 mm in each rolling pass and respectively 10 and 20
passes were used to prepare two sets of samples, one with 25% and the other with 50% total

reduction in the thickness.

Table 3. 1. The measured chemical composition of AISI 420 stainless steel used in this study
(Wt.%).

C Cr Mn Mo P S Si Cu Al Co Fe
0.22 13.23 0.48 0.03 0.014 0.002 0.39 0.027 0.08 0.018 Bal.

2.2 Microstructural Characterization
To characterize the microstructural evolution of both the base plate and cold-rolled samples,
samples were cut and mounted in an epoxy resin. Standard grinding and polishing procedures for
stainless steels were applied for sample preparation. To reveal the microstructure, the polished
surfaces were etched using Villella’s reagent. An FEI MLA 650F scanning electron microscope
(SEM) equipped with a Bruker energy dispersive X-ray (EDX) system was used to characterize the
microstructural characteristics. An HKL EBSD detector was also utilized to obtain the
crystallographic orientation features of polished surfaces, including inverse pole figures (IPF), pole

figures (PF), and martensitic lath boundaries maps using the step size of 0.4 pm. Post-processing
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of the raw EBSD data was performed using Channel 5 software. To characterize the existing phases
in the microstructure, X-ray diffraction (XRD) analysis was conducted with Cu-K, source
(A=1.5406 A) at 40 kV and 35 mA using an aperture of 2 mm over a diffraction angle range of 10°

to 90° with a step size of 0.01°.

2.3.Electrochemical Analysis
Before the electrochemical testing, all samples were cold mounted into an epoxy resin to limit the
exposed area of the sample to only one face, while a wire was connected to the backside of the
sample through the resin, providing the electrical connection during the electrochemical tests. The
samples for electrochemical analysis were then ground using 500 grit SiC sandpaper, cleaned
ultrasonically in acetone, and were polished to a mirror-like finish using a 0.02 um alumina
suspension at the final step. To avoid crevice corrosion along the sample-epoxy interface, the edges
between the sample and the epoxy were coated using a masking lacquer. The electrochemical
measurements were performed in aerated 3.5 wt.% NaCl solution. A temperature-controlled water
bath was used to maintain the temperature of the solution at 25+0.5 °C. The used three-electrode
cell setup contained a graphite rod as the counter electrode, a saturated silver-silver chloride
(Ag/AgCl) electrode as the reference electrode, and the AISI 420 stainless steel as the working
electrode. Before each test, the open circuit potential (OCP) was monitored for an hour for
stabilization. The potentiodynamic polarization tests were performed at the scanning rate of 0.5
mV/s commencing at —0.2 V versus OCP. The electrochemical impedance spectroscopy (EIS) tests
were also conducted over a frequency range from 100 kHz to 10 mHz with a signal amplitude of
10 mV after 1 h and 120 h of immersion time. Mott-Schottky measurements were performed at the
frequency of 1000 Hz in the potential ranging from -1000 to 1000 mV ag/agc1 with an amplitude of

10 mV. To avoid the variation in passive layer thickness, the scanning rate of 50 mV/step was
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applied. All electrochemical experiments were repeated at least three times to verify the reliability

of the results.

3. Results

3.1.Microstructure Characterization
The acquired XRD spectra for all samples are shown in Figure. 3.1. Peaks associated with the
martensite phase (M) were detected for the rolled and base metal samples in diffraction angles
ranging from 10° to 90°. All samples similarly demonstrate the highest intensity peak for (110)m
plane at 44°, followed by (211)m and (200)m peaks with lower intensities at 82° and 64°,
respectively. As the rolling percentage increased, the intensities of detected peaks were found to
increase, while their corresponding full-width at half maximum (FWHM) decreased, indicating the
enhancement of crystallite size[39-42]. No clear peaks were identified corresponding to the
formation of precipitates and retained austenite plausibly due to their significantly lower volume
fraction as compared to the martensite phase. The obtained XRD data allows the calculation of both
grain diameter (crystallite size) and dislocation density for samples. The pure diffraction line profile
can be used to calculate the crystallite size and the lattice strain value [39]. This “pure” line profile
is calculated by subtracting the instrumental broadening factor from the experimental line profile,

as follows [39]:

B =5(20) = B(1-2%) (rad) 1)

where 6 is the dislocation density, 26 is the diffraction angle, B and b are the breadths of the same
Bragg peak from the XRD spectra, which is used as the FWHM (f) [40]. Scherrer equation can be

applied to calculate the average diameter of the crystallites (crystal size) [39]:
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DA
L= B cosf (2)

where D is the shape factor and is approximately equal to unity, L is the crystal size, 8 is the Bragg

angle, and A is the wavelength of the used X-ray (for Cu-K, radiation = 1.54056 A).

Using another method known as Cauchy [40], an appropriate equation to separate the crystallite
size and lattice strain can be developed, presuming that the crystallite size and strain line profiles

are both considered to be Cauchy[40]:
p cosO = %+ 4e sinf 3)

where L and e are the crystallite size and strain, respectively. The crystallite size from Cauchy

equation can be estimated from the ordinate-intersection and slope of the f cos8 versus sinf graph.

The dislocation density of the base metal and the rolled samples can be defined as the length

of dislocation lines per unit volume (§) and calculated using the following equation [43]:

§== )

L2

The calculated values for the dislocation density (§), based on the Sherrer and Cauchy
equations for the (110), (200), and (211) intensity peaks on the XRD spectra, are summarized in
Table 3.2 for the studied samples herein. Expectedly, the rolled samples exhibited remarkably
higher dislocation densities as compared to the base metal, deducted from the Sherrer and Cauchy
models, ascribed to the multiplication and rearrangement of dislocations during the applied rolling

process [42,44] .
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Figure 3. 1. The XRD results of the non-deformed base metal, 25%, and 50% rolled samples.

Table 3. 2 .Calculated dislocation density (8) for the base metal and the rolled samples using
Sherrer and Cauchy equations.

Sample 8/1.nm? (Scherrer) 8 /1.nm (Cauchy)
(110)  (200) (211) (110) (200) (211)
Base metal 0.003 0.49 0.01 0.03 0.54 0.01
25% rolled 0.06 256 092 0.07 268 1.06
50% rolled 0.07 297 098 0.09 384 1.26

Figure. 3.2 shows the SEM micrographs taken from the microstructure of the base metal, 25%,
and 50% rolled samples, along with their corresponding EDX elemental maps for Fe, Cr, Mn, and
C elements. A relatively high-volume fraction of precipitates was detected in each sample. The
EDX elemental maps show a high concentration for Chromium and Manganese for precipitates,
where iron is depleted in all samples. The elemental mapping also reveals a considerable

concentration of carbon in the precipitates (Figure. 3. 2e, j, 0), indicating the chromium carbide
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origin of the existing precipitates containing Mn in solid solution form. The chromium carbide
precipitates are relatively large (micro-scale) with a round shape and distributed homogeneously in
the matrix and more accumulated along the grain boundaries (inter-lath sites) of the matrix, formed
during the tempering heat treatment. The fraction and geometry of the carbides were found to
remain constant after cold rolling. Furthermore, the precipitates’ fragmentation (breakage of carbide
particles) was detected in the 25% rolled samples, as indicated by arrows in Figure. 3. 2f. The
fraction of fragmentation was found to increase in the 50% rolled samples. Generally, the larger
particles of carbides were found to be more susceptible to fragmentation, leading to the formation

of intercept voids between them.

G c Yy 4
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Figure 3. 2. SEM micrographs taken from the (a) base metal, (f) 25% rolled sample, (k) 50%
rolled sample along with their corresponding elemental maps for (b-e) base metal, (g-1) 25%
rolled, and (1-0) 50% rolled samples.

The SEM micrographs at higher magnification (Figures. 3. 3b and 3d) also revealed the

existence of nanoscale precipitates in the microstructure embedded in the martensitic matrix.
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Similarly, these fine intra-lath precipitates with capsule-like morphology are assumed to have

chromium carbide origins, commonly formed during the tempering process [16].

Figure 3. 3. SEM micrographs of the (a) base metal and (c) 50% rolled sample. Higher
magnification SEM micrographs showing the formation of nano-scale precipitates in the (b) base
metal and (d) 50% rolled sample.

The obtained inverse pole figures (IPF) maps of the base metal, 25%, and 50% rolled samples
are shown in Figure. 3. 4. Finer martensitic lath structure was observed after the cold rolling as the
average lath size of the base metal was measured to be 6.44 um, while the lath size of the 25% and
50% rolled samples decreased to 3.67 um and 1.95 um, respectively. All the samples exhibited a
bimodal lath structure with relatively large laths surrounded by martensitic laths with a size of lower
than 1 um (Figure. 3. 4d-f). The 50% rolled sample illustrated the highest fraction of laths with a
size smaller than 1 um (68%), while the base metal exhibited a wider distribution of lath size. The

grain refinement during the cold deformation is reported to be attributed to the elongation and
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breakage of the grains along with the nucleation and growth of grains in a homogenous

microstructure [35,45,46].
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Figure 3. 4. The EBSD inverse pole figure maps of the (a) base metal, (b) 25% rolled, and (c)
50% rolled samples. The martensitic lath size distribution plots for the (d) base metal, (e) 25%
rolled, and (f) 50% rolled samples

It is worth noting that the quality of Kikuchi patterns obtained from the EBSD analysis is highly
dependent on the formation of voids, microcracks, and precipitates fragmentation [22,47]. In this
study, the quality of the IPF results for the 50% rolled sample was found to decrease due to the high
fraction of precipitates fragmentation between the fractured precipitates, resulting in the acquisition

of a higher percentage of zero solutions during the EBSD measurement.

Distribution of high angle grain boundaries (HAGBs), medium angle grain boundaries
(MAGBS), and low angle grain boundaries (LAGBs) for the base metal and rolled samples are
exhibited in Figure. 3. 5. The base metal revealed a high fraction of HAGBs and a very low fraction

of MAGBs and LAGBs. The 25% rolled sample exhibits a higher fraction of LAGBs and MAGBs
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relative to the base metal sample, whereas the 50% rolled sample contained the highest fraction of
LAGBs and a lower fraction of MAGBs as compared to the 25% rolled sample. Therefore, by
increasing the percent deformation, the fraction of LAGBs increases. Low angle grain boundaries

possess a lower level of energy and can hinder a fast diffusion-controlled process [28].

e LAGBS(1°< 0< 50)

— M AGBs (5° < 6 < 15°)
s HAGBs (15° < 0 < 62.8°)

Figure 3. 5. EBSD grain boundaries maps showing the distribution of HAGBs, MAGBs, and
LAGB:s in the (a) base metal, (b) 25% rolled, and (c) 50% rolled samples

The pole figures of the samples calculated from the EBSD data are illustrated in Figure. 3. 6.
Tempered martensitic stainless steel with body-centered cubic (BCC) crystallographic structure is
known to possess a texture composed of perfect normal direction (ND) fiber and two other

components lying on the deformation direction [48,49]. The active plane families in the BCC
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structure are generally {110} and {111}, while the {100} planes can show strong texture resulted
from solidification and phase transformation activities, such as heat treatment. As shown in Figure.
3. 6a, the base metal shows strong texture components in the {100} plane, which can be attributed
to the phase transformation during high-temperature heat treatment of the base plate [50]. The hot-
rolling process has been reported to give rise to {111}<110> (on the RD fiber) texture component,
while the cold deformation leads to the formation of {111}<112> texture component on the ND
fiber [50]. Strong {111} texture component aligned with the ND was observed for the 50% rolled

sample.

0.27
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Figure 3. 6. EBSD pole figure maps of the (a) base metal, (b) 25% rolled, and (c) 50% rolled
samples.
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3.2.Corrosion Results

3.2.1. Open circuit potential results

Open circuit potential (OCP) variations over 1 h of immersion time in aerated 3.5 wt.% NaCl
solution for all studied samples are illustrated in Figure. 3. 7. Fluctuations in the OCP were
observed over the monitoring time due to the continuous occurrence of metastable pitting corrosion
during the testing [16]. Samples demonstrated relatively stable OCP values approximately after
700 s. The stabilized OCP value was found to decrease by increasing the deformation level. The
average OCP value for the base metal was recorded as -961+7.50 mV ag/agci, while it reduced to -
1114£8.25 mVagagciand -1261+9.50 mV ag/agct for the 25% and 50% rolled samples, respectively.
The reduction of the measured OCP value for the rolled samples implies the deterioration of the
passive layer integrity and density [51]. As the deformation level increases, the passive film

stability for the deformed samples seems to decrease, leading to less noble values for OCP.
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Figure 3. 7. The OCP values over the immersion time for AISI420 martensitic stainless-steel
samples in aerated 3.5 wt.% NaCl at room temperature.
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3.2.2. Potentiodynamic polarization results

The potentiodynamic polarization measurements were conducted in aerated 3.5 wt.% NaCl
solution to characterize the electrochemical performance of the prepared samples. The obtained
results at 25°C are shown in Figure. 3. 8. The deducted parameters from the polarization graphs,
i.e. corrosion potential (Ecorr), pitting potential (Epit), cathodic slope (Bc), and anodic slope (B.) are
summarized in Table 3. 3. It is observed that Ecor decreases with increasing the deformation level,
suggesting a general weakening of the corrosion resistance in the NaCl solution for the rolled
samples. The obtained lowest corrosion potential value for the 50% rolled sample is in good

agreement with the OCP results.

Table 3. 3. Polarization parameters deducted from the polarization graphs for all studied samples.

Ecorr Epi Bo(mV  Pa(mV
(mVagage) (MVagaga) decade™’)  decade )
Base metal  -1254+8.25 138+11.25 -91+3.20 1144+2.40
25% rolled -133+7.25 9149.50 -9742.30 1184+2.30
50% rolled -143+8.50 3748.25 -1134£1.40 12741.20

Sample

The anodic branch of the polarization graphs revealed fluctuations due to the formation of
metastable pits during the transition from the corrosion potential to the pitting potential. A wide
passive region was observed for all samples, regardless of the percent cold deformation of the
sample. Analogous to the corrosion potential trend, the pitting potential values were decreased
with increasing the deformation level. While the pitting potential of the base metal is ~138
mVagagcl, it decreased to ~91 mVagagcr for 25% rolled sample and to ~37 mVag/agci for 50%

rolled sample.
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Figure 3. 8. Potentiodynamic polarization curves for AISI420 stainless steel in aerated 3.5 wt.%
NaCl solution at room temperature.

3.2.3. Electrochemical impedance spectroscopy results

To further characterize the electrochemical behavior of the passive film on the rolled samples
versus the base metal, the EIS measurements were conducted in aerated 3.5 wt.% NaCl electrolyte
at room temperature. Figures. 3. 9a and 9b show the effect of cold rolling on the Nyquist and Bode
plots of AISI 420 martensitic stainless steel after 1 h of immersion in the aerated 3.5% NaCl
solution. The trend of capacitive loops for the base metal and the rolled samples were nearly the
same, suggesting no change in the corrosion mechanism stemmed from the cold rolling. A large
semi-circle diameter was observed for the Nyquist plot of the base metal sample relative to the

25% and 50% rolled samples indicating a higher corrosion resistance of the passive film for the
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base metal after 1 h of immersion. Figure. 3. 9b shows the Bode plots of the base metal and the
rolled samples after 1 h of immersion. The Bode plots revealed more linearity with the slope near
-1 for the impedance module vs frequency of the base metal, having a constant phase angle value
near -80° over a wider frequency range (~ 0.1-100 Hz), indicating a more stable passive film
formation on the surface of the base metal as compared to the deformed samples. By increasing
the degree of deformation, the linearity of log|Z| vs log f'and the maximum phase angle and its

stability range were found to diminish.

In order to characterize the electrochemical stability of the passive film formed on the
samples’ surfaces over time, EIS experiments were also conducted after 120 h of immersion time
in the solution. At longer immersion time, the radius of the Nyquist curves (Figure. 3. 9¢c) was
found to significantly reduce as compared to the results after 1 h of immersion time (Figure. 3. 9a),
accompanied by an intense drop in the Bode plots to lower impedance and phase angle values at
medium to low frequency ranges. These observations indicate a continuous deterioration in the
electrochemical stability of the surfaces by increasing of the immersion time. The detected
reduction in the absolute value of the impedance after 120 h with respect to that after 1 h affirms
the intense dissolution of the passive layer into the solution over time. The EIS spectra of the
samples after 120 h revealed the same trend between the studied samples as the trend detected at
1 h of immersion time, showing a higher passive layer stability for the base metal and reduced
stability for the deformed samples. The Bode plots exhibited a steady reduction in the absolute
values of impedance and phase angles in the low- to medium-frequency range by the increase in

the rolling level.
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Figure 3. 9. (a) Nyquist plots and Bode plots obtained from the 420 AISI stainless steel with
different deformation levels in aerated 3.5 wt.% NaCl electrolyte at room temperature: (a) and
(b) after 1 h of immersion time, (c) and (d) after 120 h of immersion time.

Previous studies have suggested several equivalent circuit (EC) models for interpreting the
impedance spectra in stainless steel [35]. In this study, the EIS data were modeled and fitted using
the EC shown in Figure. 3. 9a and ¢ (commonly employed for stainless steel [52,53]). In this EC
model, constant phase element (CPE) was used to characterize the non-ideal capacitance response
of the interface and to address the micro or nano surface inhomogeneities, such as surface
roughness, porosity in grain boundaries, and impurities [54,55]. The impedance value of the CPE

can be defined using [55]:
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where Yy is a frequency-independent constant (CPE constant), j = —(1)"?, w is the angular
frequency, and 7 is the fractional exponent of the CPE, representing the surface irregularities. The
EC model consists of three resistors, representing the solution resistance (Ry), passive film
resistance (R;), and charge transfer resistance (R2), and two constant phase elements,
corresponding to the capacitance of the passive film (CPE;) and double layer capacitance (CPE>).
The detailed fitting parameters of the obtained EIS results are listed in Table 3. 4. For all samples,
n1 values were obtained between 0.91-0.93, whereas n, values were between 0.70-0.86. Chi-square
(%) values below 1.67 x 10 revealed good accordance between the EIS data and the fitted values.
After 1 h of immersion time, the passive layer resistance and the charge transfer resistance values
(R; and R», respectively) were found to decrease drastically by increasing the deformation level,
indicating the reduced protective nature of the passive film at higher deformation levels in the
samples immersed for 1 hour. A similar trend was detected at longer immersion time of 120 h. On
the other hand, the values of the CPE; and CPE: for the deformed samples were higher than those
of the base metal, suggesting the formation of a more defected passive film on the deformed
samples. The samples immersed for 120 h revealed significantly lower values for R; and R> and
higher values for CPE; and CPE», as compared to the samples immersed for only 1 h, suggesting
the formation of a more stable passive film at the intial immersion time. For all samples, the general
passive layer resistance was found to be lower than their corresponding charge transfer resistance,
confirming that uniform corrosion is the dominating corrosion mechanism at the OCP. This is

consistent with the observed clear passive region for all samples in Figure. 3. 9.
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Table 3. 4.The fitted electrochemical parameters for the EIS spectra.

I?;:lneeriilo)n Sample Rs (Qcm?) Cll;l;:lfzs(n()l : ni Ri (Qcm?) (lzfrlizzs(‘g : n2 R: (Qcm?) Z x?
Base metal 17.03 1.03x107 0.924 1.52x108 5.87x10¢ 0.865 1.70x10° 1'1501;(

1 25% rolled 18.23 4.45%x107 0.962 5.00x103 9.62x10°¢ 0.734 9.27x10° I.I?Z)AE;(
50% rolled 17.46 2.57x10* 0.922 6.52x10% 5.91x107 0.702 8.89x104 1'1607,;

Base metal 17.40 4.36x107 0.88 8.87x10* 1.93x104 0.76 3.49x104 1'1‘:)5;:(

120 25% rolled 17.56 7.57%107 0.85 4.45x10° 1.25%x1073 0.85 1.35x10° I.I?Z)AE;(
50% rolled 17.65 4.23x10* 0.85 1.58x10° 4.74x1073 0.99 2.93x10? 1'1103,;

3.2.4. Mott-Schottky analysis

Semiconducting properties of the samples in aerated 3.5 wt.% NaCl solution at room temperature
were measured using the Mott-Schottky approach. Figure. 3. 10 shows the obtained Mott-Schottky
plots for 420 MSS at various deformation levels. According to the Mott-Schottky theory, the
measured electrode capacitance (C) and the applied potential (£) can lead to the following

relationship [22,56]:

1 1 1 1 2

et B Em =) (6)

€2 ¢k CZ Ch ' eNgeg

where Cy is the Helmholtz capacitance, Csc is the space charge capacitance of the passive film, N,
is the doping density, ¢ is the relative dielectric constant for the passive layer (e = 15.6 for stainless
steel), &, is the vacuum permittivity, k is Boltzmann’s constant (8.16 x 107> eV/K), e is the electron
charge (1.6 x 10°'° C), Ers is the flat band potential, and 7 is the absolute temperature. The value
of kT/e can be very negligible. The values for the N, and Erp can be calculated by using the slope

and intercept with the potential axis of the C? vs E linear portion curves [22].

As shown in Figure. 3. 10, the Mott-Schottky curves (the electrode capacitance vs the applied

potential) for all samples have two straight zones with positive and negative slopes. The potential
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plateau region, where the flat bond potential (Erp) is recorded, separates the positive and negative
slopes. The base metal sample and the rolled ones showed the same semiconducting behavior,
demonstrating the p-n heterojunction. The n-type semiconductor behavior is suggested for the
region with a positive slope, which is an indication of vacancies caused by oxygen [22,57]. The p-
type semiconductor behavior occurs in the negative slope region, indicating that the cation
vacancies are the major defects in the passive film layer [57]. According to the electron band theory
of solids, if the number of electrons in the conduction band of an oxide is more than the number
of holes in valence band, the oxide passive layer is considered to be an n-type semiconductor, such
as Fe203, ZnO, TiO2, V205 and MoOs. Conversely, when the number of holes in the valence band
of an oxide is higher than the number of electrons in its conduction band, the oxide layer is
considered to be a p-type semiconductor, such as Cuz0O, NiO, and Cr203 [58]. It has been reported
that different passive oxide layers formed on stainless steel illustrate different semiconductor
properties, determined by the predominant defects existing in the passive film [59]. For Fe—Cr
based alloys (such as MSS 420 alloy), it is often assumed that the semiconducting behavior reflects
the duplex characteristic of their surface passive films, with an inner region of film essentially
comprised of Cr,03 and an outer region mainly composed of Fe>O3 [60]. Thus, the positive slope
of the Mott-Schottky curve illustrates an n-type semiconductor behavior that is characteristic of
Fe;0s, containing oxygen vacancies as donor states [61]. The negative slope, in the higher
potential range, results from the electrochemical behavior of a p-type semiconductor, ascribed to
the presence of Cr20O3 in the inner oxide layers, containing metal vacancies as acceptor states [61].
While the transformation from the p-type to n-type semiconductor occurs at nearly the same

potential value (E = -0.5 Vagagci) for the 25% and 50% rolled samples, the base metal transition

was found to occur at a lower potential value ( E = -0.73 Vagagc1). This confirms the more
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protective nature of the formed passive film on the base metal, which is in good agreement with
the results obtained from other electrochemical experiments. It should be also noted that a p-type
semiconductor behavior (negative slope on the Mott- Schottky curves) was observed for the
samples at potential values higher than 0.2 Vagagci. In this potential region, no direct correlation
between the semiconducting properties and defects concentration can be established primarily due
to instability of the passive layer at such high potential range (see the polarization graphs in Figure.

3. 8)[62,63].

Only one donor level was observed for the samples. Table 3. 5 presents the calculated values
of donor density (Np), acceptor density (N4), and Erp based on equation 2 and the slope of the
Mott-Schottky curves. The base metal showed a lower value for the Erp, while the Erg value
remained nearly the same for the 25% and 50% rolled samples. The Np and N, values for the base
metal and the rolled samples are in the order of 10!7-10'® cm™ magnitude, indicating the formation
of a highly disordered passive film on all samples [64]. As shown in Table 3. 5, by increasing the
rolling-induced deformation percentage, both the Np and N4 values (defect densities) increase. A
higher donor and acceptor density can reduce the stability of the passive film and increase the
electrochemical reactions occurring at the interface of the electrolyte and the metal [22,57]. The
Np value can also feature the adsorption affinity of the CI” ions in the passive film, representing
the pit nucleation susceptibility of the passive film [65—67]. Thus, the rolled samples represent
easier adsorption of the chloride ions on their passive film, and concomitantly, an easier reaction

between chloride ions and the oxygen vacancies in the passive film [65,66].
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Table 3. 5. Effect of rolling deformation on the semiconducting properties of the passive film

formed on AISI420 MSS.
Sample Np (10 ecm®) Na(10®cm®)  Ers (mVagagc)
Base metal 0.89 5.12 -670
25% rolled 1.18 5.44 -550
50% rolled 1.32 5.78 -550

5.0x10°

-&- Base metal
4.0x10° = -5 25% rolled
—-— 50% rolled

12 08 -04 0 0.4 0.8 1.2
E/ VAg/AgCI

Figure 3. 10. The Mott-Schottky curves of the passive films formed on the AISI 420 stainless
steel at different deformation levels in aerated 3.5 wt.% NaCl solution.

4. Discussion

4.1.Effect of grain orientation and passive layer formation on the corrosion behavior
Based on the EBSD inverse pole figure data, a slight refinement in the martensite lath size was
detected for the rolled samples, and as the rolling percentage increased, the refinement was
intensified. The grain refinement can potentially deteriorate the corrosion performance in stainless

steels due to the formation of larger grain boundary areas [22,57], where commonly the precipitates
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or secondary phases with different electrochemical potentials relative to the matrix tend to
accumulate, leading to an increased galvanic coupling over the entire microstructure exposed to

the corrosive electrolyte. a

Characterizing the micro-pit locations in the microstructure is also vital to understand the
corrosion mechanism in the rolled samples as well as the dominating factors that control the
severity of the corrosion attack. These micro-pits form during the initial stage of the corrosion and
transform into the propagated pitting spots during the stabilization stage. A change in the location
of pitting initiation was observed in the cold-rolled samples. The micro-pits on the base metal were
formed near the martensitic lath boundaries where a high concentration of inter-lath carbides were
detected (Figure. 3. 11a-11c), while the pitting initiation on the 25% and 50% rolled samples were
observed on the locations where the carbide fragmentation started due to the applied plastic
deformation during rolling (Figure. 3. 11d-11i). Chromium depletion along the interface between
the fragmented particles can lead to the initiation of pittings, stimulated by the potential difference

between the gap zone (the fragmented area) and the brittle carbides.
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Figure 3. 11. SEM images from the formed micro-pits after polarization testing on the (a) base
metal, (b) and (c) the corresponding EDX elemental maps taken from (a), (d) 25% rolled sample,
(e) and (f) EDX elemental maps taken from (d), (g) 50% rolled sample, (h) and (i) EDX
elemental maps taken from (g).

The obtained martensitic lath boundary maps from all samples studied herein confirmed the
highest fraction of LAGBs for the 50% rolled samples. While the grain boundaries are considered
as fast diffusion paths, the LAGBs have low energy and can hinder the fast diffusion [22]. Hence,
a high fraction of LAGBs in the structure can keep the grain boundary diffusivity very close to the
bulk diffusivity, leading to the formation of a more uniform oxide layer, and consequently
enhancing the corrosion performance. Such contribution from LAGBs was not a determining
factor in dictating the electrochemical response of the rolled samples studied herein, considering

122



their impaired corrosion properties as compared to the non-deformed base metal. On the other
hand, it is known that the high-density close-packed crystal planes that are aligned with the
exposed surface of the sample to a corrosive electrolyte possess better corrosion properties and
better passivation and re-passivation characteristics [25]. The close-packed plane for the metal
with BCC crystal structure is {110} plane. Among the studied samples herein, the base metal
sample revealed the strongest {110} texture aligned with the TD (Figure. 3. 6a). This can be
counted as a contributing factor towards better corrosion performance of the base metal relative to
the rolled samples. However, the PF maps taken from this family of planes for all samples did not
reveal a high intensity (strong texture component) or a significant difference in the intensity of the
pole figures between the base metal and rolled samples. Therefore, the impact from the close-
packed crystal planes cannot also be a dominant factor in controlling the corrosion behavior of the
cold-rolled AISI420 MSS. Overall, the contributions from grain boundaries and grain
misorientation (texture) were found not to be determining factors in dictating the electrochemical
response of the rolled samples studied herein, as compared to the side effects stemming from the

carbide particles’ evolutions through the rolling process, further discussed in section 4.2.

On the other hand, it was noted that the dislocation density of the samples increased
significantly after the rolling process, as reported in Table 3. 2. According to the Mott-Schottky
analysis results, the doping concentration in the MSS 420 stainless steel increases as the rolling
level increases. Higher doping concentration is known to increase the susceptibility of the passive
film to localized corrosion attack [68]. The point defect model (PDM) suggests that the cation
vacancies are generally formed at the interface of film and solution, while cation interstitials and

oxygen vacancies are mostly generated at the metal/film interface and can lead to excessive growth
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and break down of the passive layer [69]. Strain-induced dislocations can also participate in the

passive layer formation at the metal/film interface as per the following reaction[68]:

M+T—>M+ZV; + xe' (7)
2

where M represents the material (stainless steel in this study), V;; is oxygen vacancy, e’ is the
transferred electron, and T is defined as the strain-induced dislocation existing at the metal/passive

film interface. Based on this reaction, one mole of strain-induced dislocations (dislocation

produced by rolling process here) can generate % mole of oxygen vacancies at the passive film

[70,71]. Therefore, the higher dislocation densities associated with the rolled samples can induce
more oxygen vacancies in the passive film, deteriorating its protective nature and corrosion
resistance [70]. In addition, the absorbed chloride ions through the passive film can replace the
oxygen vacancies by generating cation vacancies [72]. Further diffusion of cation vacancies into
the passive film can be accelerated by the formed dislocations during the rolling process, further

facilitating the breakdown of the passive layer [72].

For stainless steels, a clear understanding of the corrosion mechanism is closely related to the
passive film stability. In this context, it is reported that the integrity and thickness of the passive
film can be affected adversely by a deformation process, leading to a reduced corrosion potential
[22,51]. Such a detrimental effect of the applied plastic deformation on the electrochemical
stability of the surface is consistent with the results presented herein. The deformed samples
showed a lower pitting corrosion potential and lower passive layer and charge-transfer resistance,
which is plausibly attributed to the decreased thickness of the passive film. The steady-state
passive film thickness (Lss) can be estimated based on the measured EIS data and using the parallel

plate expression [73,74]:
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where ¢ is the dielectric constant of the passive film (assumed to be equal to 15.6 for Cr203) [75],
g0is the vacuum permittivity (8.854 x10~* F em™!), Cyis the pure passive film capacitance, and 4

is the surface area of the corroded sample. The value for the Crcan be calculated using:

_ (YoRc)Y™
R¢t

Cy )

where Yy is the CPE constant, R is the charge transfer resistance at the interface between the
matrix and passive film (refers to the R> values in Table 3. 3), and » is the exponent related to pure
passive film capacitance (n; values in Table 3. 3) [76-78]. The obtained thickness data and Cr
values for samples are presented in Table 3. 6. It is shown that the thickness of the passive layer
decreases by increasing the rolling percentage, indicating the lower stability of the passive layer
at both immersion times of 1 h and 120 h, which is in good agreement with other electrochemical
testing results obtained in this study. It should be noted that a significant decrease was observed in
the thickness of the passive film for the samples immersed for a longer time (120 h), correlated to

the gradual dissolution of the passive film into the solution over time.

Table 3. 6. The passive layer thickness (Lss) and its pure capacitance for the base metal and the
deformed samples.

}rl?nlzez‘ﬁ;on Sample Cr(Q'em?s")  Ls (nm)
Base metal 1.23x10° 67.1

1 25% rolled sample  4.83x10°¢ 57.2
50% rolled sample 2.75x107° 38.2
Base metal 4.62x107 18.0

120 25% rolled sample  5.06x107 5.4
50% rolled sample 2.93x107° 3.5
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4.2 Effect of precipitation on the corrosion behavior
Several studies on the corrosion behavior of AISI 420 MSS reported that the martensitic matrix in
this alloy is electrochemically less noble than the existing inter-lath carbide precipitates, leading
to the high susceptibility of the matrix-carbides interface to pitting corrosion attack [34,79].
Consequently, the potential difference between the interface and the carbide can provoke micro-
galvanic coupling in which the carbide acts as the cathode and the interface as the anode [80].
Therefore, the pits are highly accumulated in the areas adjacent to the regions where a high
concentration of chromium carbides (chromium-rich zone) form. Generally, large carbide particles
are surrounded by chromium-depleted zones (along their interface with the matrix), where are

highly susceptible to localized pitting corrosion and exhibit high anodic activities.

As discussed earlier, a high fraction of fragmented brittle carbide particles were detected in
the rolled samples. The applied severe plastic deformation during rolling can break the coarser
carbide particles into the finer precipitates. Breakage of a coarse carbide precipitate surrounded by
an expanded sensitized region into smaller precipitates also splits the large sensitized region into
smaller sensitized zones, encompassing the finer precipitates. As a consequence, the number of
locations susceptible to meta-stable/stable pitting on the surface increases. However, the galvanic
coupling is not only affected by the magnitude of the potential difference between the anode and
the cathode, but also the distance between the anodic and cathodic sites can affect the severity of
the corrosion drastically. Cold deformation can lead to the breakage of the carbides and decrease
the distance between the precipitates, provoking the micro-galvanic coupling effect at higher
deformation levels [81]. Figures. 3. 12a and 12c show the fragmented carbide particles in the 25%
and 50% rolled samples, respectively, and Figures. 3. 12b and 12d characterize the chromium

concentration change along the fragmented regions using the EDX line scanning analysis

126



technique. It was observed that the chromium concentration drops drastically in the regions
between the fragmented precipitates. The region between the fractured precipitates with low
chromium concentration acts as a local anode and intensifies the galvanic coupling effect, causing
the increased susceptibility to corrosion in the rolled samples. While the pitting initiates near the
martensitic lath boundaries containing large carbide precipitates in the base metal sample (Figure.
3. 11a), in the rolled samples, the Cr-depleted regions between the fragmented carbides further
provoke the pits initiation (Figures. 3. 11b and 1lc). As the number of fragmented regions
increases by increasing the degree of rolling-induced plastic deformation, the pitting susceptibility

escalates; resulting in the lowest corrosion resistance for the 50% rolled sample.

e
(=]
=

-0
: | ® =
;‘ 80 -
5
% 60
t
S 40
o
(5]
w
g ZD“N
=
0 Lt I I I I
] 1 2 3 4
Distance (nm)
100

(d)

- P

Mas.s concentration (wt.%)
ol

40-
mﬁw
0 — T T T 1
0 4 8 12
Distance (nm)

Figure 3. 12. The SEM micrographs taken from the (a) 25% rolled sample and (c) 50% rolled
samples, the EDX line scanning results along the yellow arrow (b) shown in (a), and (d) shown
in (c) across the fragmented precipitates.

127



5. Conclusions

In this study, the effect of cold rolling-induced plastic deformation on the microstructure and

corrosion behavior of AISI 420 martensitic stainless steel was investigated. Two groups of

deformed samples with the thickness reduction of 25% and 50% were prepared and their

microstructure and corrosion properties were compared with the non-deformed base plate. The

main conclusions drawn from this study are as follows:

1.

From the microstructure point of view, the cold-rolling process led to a slight refinement in
lath size (6.44 um, 3.67 um, and 1.95 um as the average lath size of the base plate, the 25% and
50% deformed samples, respectively), the fragmentation of pre-existing large carbide
precipitates (in particular in the 50% rolled sample), and increased fraction of LAGBs. The

fraction of MAGBs was found to reduce from the 25% to 50% rolled sample.

The applied cold deformation also resulted in the formation of a stronger {111}<112> texture

component aligned with the ND in the 50% rolled sample.

The polarization results confirmed the decrease of the corrosion potential, and the pitting
potential values by increasing the deformation level of the samples, suggesting the reduced
stability of the protective passive film on the deformed samples against both the uniform and

pitting corrosion attacks.

Likewise, the EIS results revealed the formation of a more stable passive film on the surface

of the base metal as compared to the deformed samples.
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5.

The Mott-Schottky analysis also indicated the increase of the passive film’s donor density by
increasing the rolling-induced deformation percentage in the alloy, representing easier

adsorption of chloride ions, leading to the reduced stability of the passive film.

Among all different contributing factors to the corrosion performance of the alloy, the
precipitates’ fragmentation resulted from the cold deformation was found to be the controlling
factor. The higher fraction of fragmented precipitates surrounded by an expanded Cr-depleted
region provoked the micro-galvanic coupling effect at higher deformation levels, and caused

the deterioration of the alloy’s corrosion performance by increasing the deformation level.
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Chapter 4

On Microstructure, Crystallographic Orientation, and Corrosion Properties
of Wire Arc Additive Manufactured 420 Martensitic Stainless Steel: Effect of

the Inter-layer Temperature
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Lunde, investigated the impact of interlayer deposition temperature on the microstructure,
crystallographic orientation, and corrosion performance of the 420 Martensitic stainless steel,
fabricated by the wire arc additive manufacturing. I was responsible for preparing methodology,
experimental testing, result gathering, and drafting of the original manuscript. Subsequently, I
revised the paper based on my colleagues’ initial comments and the peer-review process. The co-
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Abstract

In this study, the effects of inter-layer temperature variation on the microstructure, crystallographic
orientation, and corrosion performance of a multilayer single-pass wall-shaped 420 stainless steel
part fabricated using wire arc additive manufacturing (WAAM) were investigated. The
microstructural evolution and texture formation after fabrication were analyzed using scanning
electron microscopy (SEM), X-ray diffraction (XRD), and electron backscatter diffraction (EBSD)
analysis. The microstructural characterization revealed the formation of a martensitic matrix with
delta ferrite and retained austenite as secondary phases as a result of complex thermal history
experienced by deposited layers through subsequent reheating and cooling during the fabrication
process. The samples deposited at the inter-layer temperature of 200°C exhibited anisotropic
crystallographic behavior, while a relatively isotropic texture was observed for the samples
fabricated at the inter-layer temperature of 25°C. To characterize the electrochemical response of
the fabricated samples, open circuit potential (OCP), potentiodynamic polarization (PDP), and
electrochemical impedance spectroscopy (EIS) tests were conducted on the prepared samples in
naturally aerated 3.5 wt.% NaCl electrolyte at ambient temperature. The volume fraction of the
retained austenite phase was found to increase by increasing the inter-layer temperature from 25°C
to 200°C, contributed to the enhanced corrosion performance of the fabricated wall. Localized
corrosion attacks were primarily detected adjacent to the delta ferrite phase, regardless of the

implemented interlayer temperature during the fabrication process.
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1. Introduction

The emerging additive manufacturing (AM) technology, primarily invented by Charles W.
Hull [1] and applied for the manufacturing of rapid prototypes (RP) in 1980s, has been widely
adopted in the last decade for manufacturing of metallic components with intricate designs [2]. As
compared to the conventional manufacturing technologies, AM implements a layer by layer
deposition strategy, providing higher accuracy in the fabrication of near-net-shape products [2]. In
wire arc additive manufacturing (WAAM) technology, which is a direct energy deposition (DED)
process, an electric arc or plasma is used as the heat source and a wire as the feedstock material.
WAAM hardware commonly includes a welding torch mounted on a multi-axis robotic arm or on
a CNC system, a welding power source, and its associated wire feeding system. As the wire is fed
into the electric arc at a controlled rate, it melts and is deposited on either the base plate, forming
the first deposited layer, or on the previously solidified layers [3]. Compared to the other beam-
based AM processes, the WAAM offers higher deposition rate (up to 8 kg/h), lower maintenance
cost, accelerated lead time, and is capable of producing larger parts [4—6]. However, WAAM parts
are exposed to a complex thermal treatment during the deposition process, altering localized
metallurgical characteristics of the part ascribed to (i) frequent heating and cooling of the part, (ii)
directional heat dissipation, (iii) high-temperature gradients, and (iv) re-melting of the previously
deposited layers. Hence, the fabricated WAAM parts experience highly localized microstructural
characteristics, affecting their mechanical performance and corrosion behavior [5,7-9].
As the most frequently used materials in modern industry, ferrous alloys and in particular
stainless steels were also adopted as the feedstock materials for the fabrication of parts through the

WAAM. Hejripour et al. [10] used the WAAM process to build 2209 duplex stainless parts with
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different geometries, i.e., tube and wall, and developed a thermal model, describing the correlation
between the calculated cooling rates and the formation of different phases in the fabricated parts.

In the case of martensitic stainless steels (MSSs), there are a few studies available in the
literature that characterize the microstructure and mechanical properties of the WAAM fabricated
parts. Ge et al. [11] studied the microstructural evolution and micro-indentation properties of a
WAAM 2Crl3 part and reported the formation of random crystallographic orientation in the
middle region of the part and a slight fiber texture within the top layers. Alam et al. [12] reported
anisotropic mechanical properties in the longitudinal and transverse directions for the laser-
cladded and additively manufactured 420 MSS and concluded that the anisotropic issue can be
resolved by applying a post-cladding heat treatment for one-hour at 565 °C.

Despite the existing a few studies on the microstructure and mechanical properties of WAAM
fabricated MSSs [11,13,14], there is no study in the literature investigating the corrosion response
of the fabricated MSS components. A combination of electrochemical and microstructural factors
govern the localized corrosion attack (pitting corrosion) in this family of stainless steels [15].
Therefore, it is vital to understand the process-induced microstructural features of the MSSs, in
order to evaluate the corrosion response and be able to predict their electrochemical stability [15].
The conventional fabrication method of MSSs consists of annealing of wrought alloy, followed by
applying warm or cold deformation steps, and subsequently exposing the parts to hardening and
tempering heat treatments that generate carbide particles in a ferritic/martensitic matrix [16]. The
origin of the formed precipitates is highly affected by the applied heat treatment cycle’s parameters.
While the tempering leads to the formation of fine dissolved carbide precipitates, the annealing can
form localized large spherical carbides in the microstructure [16]. Additionally, aforementioned

fabrication method of the MSSs generally lead to the formation of residual delta ferrite and
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unwanted retained austenite due to the applied quenching cycle subsequently after the
austenitization process [16,17]. It is well stated that the high-volume fraction of the retained
austenite can enhance the corrosion response and can lead to lower susceptibility to pitting corrosion
for the MSSs [18]. On the other hand, the presence of delta ferrite in the microstructure with a high
concentration of chromium can lead to the formation of chromium depleted zones, consequently
causing susceptibility to localized corrosion [19].

Although corrosion performance of MSS is highly affected by the formation of micro-
constituents during the manufacturing process, other microstructural features, such as
crystallographic orientation and texture, can also play an important role in determining corrosion
resistance. From the crystallographic perspective, the corrosion performance of the MSS materials
is affected by two important factors. First, the formation of preferential texture during the
manufacturing process, leading to the re-alignment of close-packed crystal planes with the exposed
surfaces, can possibly enhance the electrochemical response by stabilizing the formed passive layer
on the surface [20,21]. Second, variation in the fraction of fabrication process-induced low angle
grain boundaries can directly impact the corrosion properties. Low angle grain boundaries with low
energy levels can balance the diffusivity inside and along the grain boundaries [22], further
contributing to the formation of more stabilized passive layer and enhanced electrochemical

response of the polycrystalline materials [23].

Overall, to the best of the authors’ knowledge, no study has been conducted to investigate the
effects of microstructural evolution during fabrication and the crystallographic orientation on the
corrosion behavior of WAAM fabricated 420 martensitic stainless steel parts. Attaining a
homogenous microstructure in additively manufactured parts in the as-printed condition is essential

to achieve isotropic properties. It is shown that the homogenous microstructure of WAAM parts
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can be achieved through controlling the inter-layer temperature (defined as the temperature of
previously deposited layer upon the deposition of the new layer), affecting the grain growth
orientation and their geometry during the solidification process [24]. However, the impacts of inter-
layer temperature on the crystallographic orientation, secondary phase formation, and corrosion
behavior of MSSs are not known. In the present study, ER420 wire, possessing a similar chemical
composition to the AISI420 martensitic stainless steel is utilized to deposit wall-shaped parts at two
different inter-layer temperatures. Focusing on the aforementioned gaps, this study aims to
investigate the correlations between various interlayer temperatures, microstructure, and corrosion

properties in the WAAM fabricated 420 martensitic stainless steel.

2. Experimental procedure

2.1.Materials and fabrication process
In this study, ER420 feedstock wire with a diameter of 1.14 mm was used to fabricate walls of 420
stainless steel on a 20 mm thick wrought plate of 420 stainless steel through WAAM process. The
chemical composition of the utilized feedstock wire and the substrate plate (AISI 420) are reported
in Table 4. 1. A GMAW torch mounted on a six-axis robotic arm and an automated wire feeding
system were employed to uniformly and consistently deposit the material layer-by-layer until the
near-net-shape wall was fabricated. Each fabricated wall with the dimensions of 150x150x6 mm
was comprised of 25 layers, deposited using a surface tension transfer (STT) mode and an all-x
scanning strategy. To control the inter-layer temperature during the fabrication process, the robotic
arm was equipped with a closed-loop infrared temperature measurement sensor capable of
measuring the surface temperature of the underlying layer. The deposited wall with the inter-layer

temperature of 25+2.5°C (denoted as the IT25 sample) was fabricated using approximately 10
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minutes of dwelling time between the deposition of two consecutive layers, while for the sample
with the inter-layer temperature of 200+20°C (denoted as the IT200 sample), ~ 5 min of inter-layer
dwelling time was applied. To assure the accuracy of the applied IR sensor system for the interlayer
temperature measurement during the fabrication process, the surface temperatures of several initial
deposition points were measured using K-type high temperature thermocouple probes, and the
results were compared with the acquired temperatures using the IR sensors, confirming £10%
deviations between the IR sensor measurements and the K-type probe measurements. The
operating process parameters for the WAAM are summarized in Table 4. 2. The fabricated wall
and a schematic illustration of the sample preparation procedure for the electrochemical testing are

shown in Figure 4. 1.

Table 4. 1. The nominal chemical composition of the used material in this study (all data in

wt.%).
Material C Cr Mn Si S P Ni Mo Cu \Y Fe
ER420 0.2-0.4 11.5-13.5 0-1 0-1 0-0.04 0-0.05 0-0.6 0-0.5 0-04 - Bal
AISI420 0.15-0.46 12-14 0.3-1 0-1 0-0.04 0-0.05 - 0-0.1 - 0.3 Bal.

Table 4. 2 .The WAAM processing parameters used for the fabrication of walls in this study.

Current  Arc Voltage Wire Feeding Rate  Scanning Rate  Argon Flow Rate  Deposition Rate

135 A 29V 67.7 mm/s 3.6 mm/s 20 L/min 7.6 kg/h

140



Deposited wall

=

ky
|-

Corrosion test

Graphite
(Counter
Electrode)

Reference
Electrode

Y

Working
Electrode

3.5% wt. NaCl

Figure 4. 1. Schematic of the sample preparation procedure for the subsequent microstructure and
corrosion characterization.

2.2 Microstructural characterization
To investigate the microstructural features of the samples along the building direction (the XZ
view), deposition direction (XY view), and transverse direction (YZ view), samples were cut,
mounted, and prepared following recommended grinding and polishing procedures for MSS, and
then etched using Villella’s reagent for 20 s. Microstructural characterization of the samples were
performed using a FEI MLAG650F scanning electron microscope (SEM) equipped with an energy
dispersive spectroscopy (EDS) detector. Electron backscatter diffraction (EBSD) analysis was also
conducted using an HKL EBSD system with a tilt angle of 70° and a step size of 0.7 um. The
obtained EBSD raw data were post-processed using a Channel 5 software (from HKL Inc). To
further distinguish the observed phases in the microstructure, X-ray diffraction (XRD) technique

was performed using a Cu-K, source at 50 kV and 30 mA.
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2.3.Electrochemical analysis
The electrochemical behavior of the XZ and the XY views of the samples was examined through
potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy (EIS) testing. All
electrochemical measurements were performed in naturally aerated 3.5 wt.% NaCl solution using
an IVIUM CompactStat™ computer-controlled Potentiostat apparatus. A conventional three-
electrode cell set-up, containing a saturated Ag/AgCl electrode as the reference electrode, a graphite
rod as the counter electrode, and the prepared samples as the working electrode were used. As a
non-invasive measurement, the open circuit potential (OCP) was also monitored for 1 h prior to
each test for stabilization of the potential between the working electrode and the reference electrode.
The PDP tests were conducted at the scanning rate of 0.5 mV/s in the potential range of -0.2 V up
to 0.3 V versus OCP. The EIS measurements were conducted over the frequency range of 100 kHz
to 10 mHz with a sinusoidal perturbation signal voltage of 10 mV. In order to ensure the
reproducibility of the gathered results, The PDP and EIS experiments were repeated at least five

times for each condition.

3. Results

3.1.Microstructural characterization
The three-dimensional SEM micrographs of the samples fabricated at the inter-layer
temperatures of 25°C (IT25) and 200°C (IT200) are illustrated in Figures. 4. 2a and 2b,
respectively, showing a columnar dendritic structure, grown along the building direction (Z-axis)
parallel to the heat dissipation direction. A relatively fine lath martensitic structure (M phase) is
formed in the fusion zone at both inter-layer temperatures of 25°C and 200°C, due to the fast
cooling rate during solidification associated with the WAAM process [13,25,26]. Contrary to the

conventionally manufactured martensitic stainless steels, a high-volume fraction of d-ferrite (DF)
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phase mainly aligned with the building direction is formed in the inter-dendritic regions, as shown
in Figures. 4. 2a and 2b. The higher magnification SEM micrograph and its corresponding EDS
chromium map taken from the sample fabricated at inter-layer temperature of 25°C and prepared
from the side view (IT25-XZ) are shown in Figures. 4. 3a and 3b, respectively. A high volume
fraction of the delta ferrite phase embedded in a martensitic matrix are observed in Figure. 4. 3a.
The elemental concentration map (Figures. 4. 3b) show a high concentration of chromium in the
O-ferrite phase regions (a ferrite stabilizing element). The formation of sub-micron inter/intra-lath
carbides, shown in Figure. 4. 3¢ and 3d, was also visible inside the martensitic matrix for both
fabricated parts at inter-layer temperatures of 25°C and 200°C (IT25-XZ and IT200-XZ samples),
due to the tempering effect from the deposition of subsequent layers on previously solidified

tracks.

The top view of IT25 sample (IT25-XY) shows a high-volume fraction of randomly distributed
delta ferrite phase having a vermicular shape morphology embedded in a martensitic matrix
(Figures. 4. 2a and 3e). A comparison between Figures. 4. 3a and 3e reveal that the delta ferrite
phase is relatively coarser in the side view (X-Z) as compared to that observed in the top view (X-

Y).
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Figure 4. 2. Three-dimensional SEM micrographs taken from the WAAM-420 stainless steel
samples fabricated at the inter-layer temperatures of (a) 25°C and (b) 200°C.
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inter/intra-lath carbides

Figure 4. 3. (a) SEM micrograph of the IT25-XZ sample along with its corresponding EDS
elemental maps showing (b) chromium concentration, and high magnification SEM image
showing the existence of the inter/intra-lath carbides in the formed martensitic matrix in (c¢) [T25-
XZ and (d) IT200-XZ samples, and SEM micrograph of the (e) IT25-XY and (f) IT200-XZ
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samples, (g) high magnification SEM image showing the formation of retained austenite in
IT200-XZ sample, and (h) SEM micrograph taken from the IT200-XY sample.

The SEM micrograph taken from the side view of the wall deposited at 200 °C inter-layer
temperature (IT200-XZ) also indicates a columnar dendritic growth morphology along the building
direction (Z-axis) similar to the IT25 sample, as shown in Figure. 4. 3f. Analogously, the formation
of needle-shaped lath martensite as the dominant phase in the microstructure was observed at higher

magnifications along with inter-dendritic d-ferrite phase (Figure. 4. 31).

The formation of a low volume fraction of the austenite phase was also detected in the 1T200-
XZ sample in tangles between martensite laths, denoted as the retained austenite (A) phase (Figure.
4. 3g). The austenite phase is formed at elevated temperatures and fully transforms into the
martensite phase when exposed to high cooling rates. However, the existence of a high
concentration of certain alloying elements, such as carbon or nickel, can reduce the martensite finish
temperature (My) to temperatures lower than room temperature, causing the austenite phase
stabilization at ambient temperature (known as retained austenite) [27]. A detailed description of
the formation mechanism of retained austenite for the samples deposited at the inter-layer
temperature of 200°C is provided in the discussion section. As shown in Figure. 4. 3h, similar to
other samples, the IT200-XY sample exhibits a high fraction of randomly distributed delta ferrite

islands, embedded in a martensitic matrix.

The acquired XRD spectra from the fusion zone for all samples are shown in Figure. 4. 4.
Consistent with the SEM micrographs, the XRD peaks also confirmed the presence of lath
martensite (M) and retained austenite (y) phases. No peaks corresponding to the chromium carbide
precipitates were identified, possibly ascribed to their lower volume fraction compared to the
retained austenite and martensite phase. All samples similarly exhibit the presence of martensitic

phase at (110), (200), (211), and (220) planes.
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The IT200-XZ sample also exhibits a high intensity peak at 42° corresponding to (111) plane of
the austenite (y) phase, while the same peak but at lower intensity was observed for the IT25-XZ
sample. The intensity of the XRD peaks can represent the volume fraction of corresponding phases.
The calculated volume fraction of the austenite phase from the XRD spectra using the whole pattern
fitting (WPF) procedure based on the Rietveld method [28] for the IT25-XZ and IT200-XZ samples
were found to be 3% and 18%, respectively. No peaks were detected for y (111) from the top view
of both samples (IT25-XY and IT200-XY). The side view of both samples (IT25-XZ and IT200-
XZ samples) also revealed a low-intensity peak of austenite phase for (200),, whereas no peaks

were observed for their top view counterparts.
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Figure 4. 4. The XRD spectra of the fabricated samples at two inter-layer temperatures of 25°C
and 200°C (IT25 and IT200, respectively), acquired from the top view (XY) and the side view
(XZ) of each sample.
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3.2.Crystallographic orientation characterization

Figure. 4. 5 show the inverse pole Figure (IPF) maps superimposed on the lath boundaries
maps for the [T25-XZ and IT25-XY samples, revealing a relatively fine lath structure (average lath
size <3 um) for both samples. Figure. 4. 5b exhibits the phase map distribution of IT25-XZ and
IT25-XY samples extracted from the EBSD results. It is observed that both IT25-XZ and IT25-XY
samples possess a high fraction (97% and 99%, respectively) of body-centered cubic (BCC) crystal
structure, corresponding to the martensite lath structure and delta ferrite phase. Additionally, the
IT25-XZ sample contains a low volume fraction (~3%) of face-centered cubic (FCC) structure,
indicating the formation of small amount of retained austenite at room temperature, consistent with
the XRD spectra results (Figure. 4. 4). The FCC phase map (indicated by blue color) superimposed
on the image quality (IQ) and lath boundaries maps (Figure. 4. 5¢) exhibit the formation of a slight
amount of austenite phase between tangles of martensite laths in IT25-XZ sample, while no retained
austenite was detected in the IT25-XY sample. The crystallographic orientation of the FCC phase
for the dashed rectangle area of the IT25 samples is shown in Figure 4. 5d. The hierarchical nature
of the formed martensitic lath structure containing martensite lath, block, and packets is confined
through the prior-austenitic grain (PAG) boundaries [29]. All austenite phases inside a PAG are
expected to possess the same crystallographic orientation [29]. Accordingly, the obtained random
crystallographic orientation for each detected austenite phase shown in Figure. 4. 5d indicates the
randomness of the PAGs crystallographic orientation in the IT25 sample along with their relatively

small size.
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Figure 4. 5. (a) The IPF maps superimposed on the lath boundary maps (b) the EBSD phase
maps: for the IT25-XY and IT25-XZ samples, (c) the IQ map superimposed on the iron-FCC
phase map for the selected region, (d) the IPF map for the FCC phase of the [T25-XZ sample.

Figure. 4. 6a shows the IPF maps superimposed on the lath boundaries maps for the IT200-XZ
and IT200-XY samples. Similar to the IT25 samples, IT200 samples revealed a fine lath structure
with an average lath size of less than 3 um. The average lath size was measured to be 2.24, 2.31,
2.19, and 2.13 um, for the IT25-XY, IT25-XZ, IT200-XY, and IT200-XZ samples, respectively.
Figure. 4. 6b exhibits the phase map distribution of 1T200-XZ and IT200-XY samples extracted
from the EBSD results. It is notable that for the IT200-XZ sample, while the BCC phase is still the
dominant phase in the structure (~89 %), a relatively higher volume fraction (~11 %) of the FCC
phase was detected in this sample. Contrarily, the IT25-XZ sample exhibited a lower fraction (~3
%) of the FCC phase as compared to the IT200-XZ sample. This was found to be the main
noticeable difference between the microstructure of the WAAM-420 MSS fabricated with the inter-
layer temperatures of 25°C and 200°C, consistent with the results obtained from the XRD analysis.
The FCC phase map superimposed on the 1Q and lath boundaries maps (Figure. 4. 6¢) also indicates

the formation of coarse retained austenite phase along the martensite laths while relatively low

149



fraction of fine austenite phase, similar to the one formed in the IT25-XY sample (Figure. 4. 5¢)
was observed in the IT200-XY sample. The crystallographic orientation of the FCC phase for the
IT200 samples is shown in Figure 4. 6d. All austenite phases possessing the same crystallographic
orientation were found to belong to the same PAG, defined by the white dashed lines representing

the PAG boundaries (PAGBs) [29].

Figure 4. 6. (a) The IPF maps superimposed on the lath boundary maps (b) the EBSD phase
maps: for the [T200-XY and IT200-XZ samples, (c) the IQ map superimposed on the Iron-FCC
phase map for the selected region, (d) the IPF map for the FCC phase of the IT200-XZ sample.

Additionally, Figure. 4. 7 demonstrates the lath size distributions, extracted from the EBSD
data, representing the size of martensite laths for fabricated samples. All samples exhibit a high
fraction of relatively fine laths (lath size <3 um), while the IT200-XZ exhibits higher fraction of
extremely fine laths (lath size <1 um) as compared to the other samples. Although all samples
revealed a low fraction of coarser laths (lath size > 4 um), the IT200-XZ (Figure. 4. 7d) sample
exhibited a lower fraction of coarser laths as compared to the other samples (Figures. 4. 7a-7c).
Figure. 4. 7e illustrates the frequency of low angle grain boundaries (LAGBs), medium-angle grain

boundaries (MAGBs), and high-angle grain boundaries (HAGBs) for all deposited samples.
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Generally, all samples exhibit a high fraction of LAGBs (48%-56%) and HAGBs (38%-45%)),
while the lowest fraction was detected for the CSL boundaries (8%-14%). It was noticed that
among all samples, IT200-XZ sample possesses the highest fraction of LAGBs (~ 56%), while the
highest fraction of HAGBs was observed for the IT200-XY sample (~ 45%). The effect of grain
boundaries misorientation on the corrosion response will be thoroughly deliberated in the

discussion section.
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Figure 4. 7. The laths size distribution for (a) IT25-XY, (b) IT25-XZ, (c) IT200-XY, and (d)
IT200-XZ, (e) grain boundaries misorientation angles distribution for the studied samples herein.
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The pole figure of BCC (delta ferrite phase and martensite laths) and FCC (retained austenite)
phases formed in the structure calculated from the EBSD data for {100}, {110}, and {111}
families of planes are shown in Figure. 4. 8 for IT25-XY and IT25-XZ samples. Although the BCC
pole figures of both IT25-XY and IT25-XZ samples exhibit relatively low intensity texture
components at {100}, {110}, and {111} series of planes (Figures. 4. 8a and 8c), the IT25-XZ
sample possess a slightly stronger texture component aligned with the building direction (z-axis)
at {100} planes as compared to the IT25-XY sample. Stronger texture at {100} planes for the
IT25-XZ sample is ascribed to directional solidification along the maximum thermal gradient
direction, which is closely aligned with the z-axis [30]. The preferential grain growth direction in
cubic structures is aligned with the <001> direction and leads to the formation of a strong texture
in {100} series of planes in product phase [31]. It is reported that no variation is observed in the
crystallographic orientation between the parent PAGs and the retained austenite phase [31]. Hence,
the orientation of retained austenite phase for the IT25 sample presents the crystallographic
orientation of the grains prior to phase transformation. The pole figure of the FCC phase for the
IT25-XZ sample (Figure. 4. 8d) exhibits three strong cubic texture components at the {100} series
of planes corresponding to the crystallographic orientation of the PAGs.

One of the most common crystallographic orientation relationships to describe the orientation
relation between the parent austenite phase (y) and product martensite phase (&) in plain carbon
and martensitic stainless steel is known as the Kurdjumow—Sachs (K-S) and is expressed as
follows [29,31]:

{111}, /{110}; < 110>, /< 111 >4 (1)
The K-S orientation relationship characterizes the coinciding planes and directions of the

parent and product phases. However, the pole figure of the IT25-XY and IT25-XZ samples does
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not show a coincidence between the {110} 4 and {111}, series of planes, plausibly due to the low
volume fraction of the austenite phase and the formation of a weak texture in the martensitic

matrix.
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Figure 4. 8. The pole figures of the BCC and FCC phases: (a) and (b) for the IT25-XY sample,
(c) and (d) for the IT25-XZ sample.
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The pole figures of BCC and FCC phases for [IT200-XZ and IT200-XY samples extracted from
the EBSD data are shown in Figure. 4. 9. The pole figures of both IT200 samples exhibit stronger
cubic texture as compared to their corresponding IT25 samples for the BCC structure (Figures. 4.
9a and 9c). Similar to the IT25 sample, the IT200 sample shows a stronger {001}<100> cubic
texture on its XZ side than the XY plane. For both IT200-XY and IT200-XZ samples, the PF of
the BCC structure at {110} planes ({110}, ) is coinciding with that of the FCC structure at {111}

planes ({111},), indicating the fulfillment of the K-S orientation relation between the primary

austenite phase and the formed martensite laths.
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Figure 4. 9. The pole figures of the BCC and FCC phases: (a) and (b) for the IT200-XY sample,
(c) and (d) for the IT200-XZ sample.

The orientation distribution function (ODF) based on the PF stereographs in different sections
for all samples at @,=45° are shown in Figure. 4. 10 and the preferred crystallographic orientations
are marked. A strong dominancy of preferential {001 }<100> solidification texture is observed for
the IT200-XZ sample (Figure. 4. 10d), while the IT200-XY sample exhibits {011}<111> texture
component along with the{001}<100> solidification texture (Figure. 4. 10c). Weaker texture
components of {011}<111> and {001}<100> were observed for the IT25-XY and IT25-XZ
(Figures. 4. 10a and 10b) samples. Therefore, the fabricated samples at the inter-layer temperature
of 200°C exhibited more anisotropic crystallographic behavior while relatively isotropic texture
was observed for the fabricated samples at the inter-layer temperature of 25°C, suggesting a more
pronounced directional solidification nature of the material along the building direction (z-axis)
when fabricated at higher interlayer temperature of 200°C. Furthermore, the detected stronger
texture of the fabricated samples at 200°C can be correlated to the lower cooling rate (product of
temperature gradient and growth rate, GXR) of the material when deposited at higher inter-layer

temperatures, leading to the formation of a coarser columnar dendritic structure grown closely
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aligned with the heat dissipation direction. The coarser columnar grains of primary austenite
induce a stronger texture in the solidified structure of the material [32]. Such columnar
solidification mode along the building direction (z-axis) leads to the formation of strong
preferential texture on the XZ view, and ultimately the anisotropic texture behavior of the IT200

sample.

Figure 4. 10. Angular textural cross-sections of orientation distribution function at ¢,=45° for
the (a) IT25-XY, (b) IT25-XZ, (c) IT200-XY, and (d) IT200-XZ samples.

3.3.Corrosion Results

3.3.1. Open circuit potential results

The open-circuit potential (OCP) values variations versus the immersion time for the
studied samples are displayed in Figure. 4. 11a. The recorded average OCP value for the IT200-
XZ sample was found to be -432+17 mV ag/agcl, while it decreases to -473+18 mV ag/agcl, 462115
mVagagcl, and -511+19 mVagager for the 1T25-XZ, 1T200-XY, and IT25-XY samples,
respectively, suggesting a lower passive film stability for the IT25 samples as well as XY views

of the fabricated parts. It has been well stated that the measured value of average OCP is primarily
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affected by the integrity and quality of the passive film [16]. A higher stability of the passive film

is expected to be accompanied by nobler values in measured OCP.
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Figure 4. 11. (a) The open-circuit potential (OCP) values versus time, (b) potentiodynamic
polarization graphs for the WAAM fabricated 420 stainless steel samples.

3.3.2. Potentiodynamic polarization (PDP) response results

Following the OCP measurements, the PDP experiments were conducted on the samples to
characterize the electrochemical behavior in aerated 3.5 wt. % NaCl solution at 25 °C. The obtained
plots of PDP are illustrated in Figure. 4. 11b. None of the studied samples has shown a clear passive
region and breakdown (pitting) potential. Similarly, all samples revealed a consistent increase of
the anodic current density by increasing the applied potential to values higher than the corrosion
potential, suggesting a consistent dissolution of the samples into the electrolyte. However, due to
the passive nature of stainless steel, such active behavior can be ascribed to the occurrence of some
type of selective localized attack, such as intergranular corrosion, on the alloy’s surface. The
corrosion morphology assessment of the samples after the PDP testing are thoroughly elucidated in

the discussion section.
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Table 4. 3 summarizes the polarization parameters obtained from the potentiodyanmic
curves. The PDP graph of the IT200-XZ sample exhibits a higher corrosion potential (Ecorr) value
(-431115 mVagagar) relative to that of the IT25-XZ sample (-462+15 mVagagc1). Additionally,
the IT25-XY revealed lower corrosion potential value (-5131+12 mVagagci) as compared to that of
the IT200-XY sample (-474+13 mVagagci). Both samples from the XY view also showed lower
corrosion potentials relative to their counterparts from the XZ view. The measured corrosion
current density (icorr) values of the samples were found to be inversely consistent with the measured
Ecorr trend. The corrosion current density of the IT200-XZ was the lowest (0.216+0.003 pA cm™),
while it increases for the other samples in the order of IT25-XZ < IT200-XY < IT25-XY
(0.22440.005, 0.31540.004, 0.32640.005 pA cm?, respectively). The measured Ecor and icorr

trends are in good agreement with the OCP values reported in the previous section.

Table 4. 3 .The electrochemical parameters from the PDP curves of the WAAM fabricated 420
stainless steel.

Sample Ecorr (MVagagcr)  icorr (RA cm-Z)

IT25-XY -513+12 0.32610.005
IT25-XZ -462+£15 0.224+0.005
I1T200-XY -474+13 0.315+0.004
1T200-XZ -431+15 0.216+0.003

3.3.3.  Electrochemical impedance spectroscopy results

The EIS tests were conducted on the samples to analyze the protectiveness and stability of
the passive film on the samples’ surfaces. The Nyquist plots for the as-printed samples of WAAM-
420 MSS are depicted in Figure. 4. 12a. A relatively wide single capacitive loop was recorded for
all samples. All samples revealed a similar semicircle capacitive loop with different sizes, ascribed
to the occurrence of the same corrosion mechanism in all samples regardless of the implemented

inter-layer temperature or the prepared surface orientation. It is known that the larger diameter of
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the semicircle is associated with the enhanced electrochemical response of the passive film [33].
Accordingly, the larger capacitive loop of the IT200-XZ sample is associated with its higher
corrosion resistance, consistent with the obtained OCP and PDP results. Contrarily, the IT25-XY
sample exhibits the smallest semicircle diameter, indicating its lowest nobility against corrosion.
Figure. 4. 12b exhibits the Bode plots of the as-printed WAAM-420 MSS samples.
A linear behavior over the frequency range of 10" Hz to 10* Hz is observed for log |Z| versus log
(frequency) with a slope near -1, possessing a phase angle in the range of -60° to -70°, indicating
the capacitive behavior of the surface. The appearance of such wide phase angle peaks is typically
ascribed to the superposition of two individual peaks having non-discriminating time constants,
one associated with the sealing effect of the passive film at higher frequencies and the other
representing the double-layer capacitance and diffusion through the localized corroded areas at

lower frequencies.

A two-time constants equivalent circuit (EC) model was used to model and fit the obtained

EIS spectra, as shown in Figure. 4. 12c. In this model, constant phase elements (CPE) were used

instead of a perfect capacitance to address the existing micro or nano surface inhomogeneities. The
impedance value of the CPE can be described using [34]:

Zepp = [Yo()™] ™ (2)

where Yy is a CPE constant, j = —(1)"%, w is the angular frequency, and # is the dispersion

coefficient of the CPE. In the EC model, R is the electrolyte resistance, R; and R> are the passive

film and charge transfer resistances, respectively, and CPE; and CPE> are the capacitance of the

passive film and the double layer, respectively. The EIS fitting parameters are summarized in Table

4. 4. For all samples, n; values were obtained between 0.81-0.85, whereas n> values were between

0.80-0.91. Chi-square (x°) values below 1.54 x 10 confirmed acceptable accordance between the
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fitted values and EIS spectra data. The passive film resistance and charge transfer resistance values
are shown to be higher for the IT200-XZ and I1T25-XZ samples than those of the XY samples,
indicating a more uniform and stable nature of the passive film on the XZ surfaces. Furthermore,
the IT200 samples revealed a higher R; and R: values than the IT25 samples in the same
orientation. The values of the CPE; and CPE: for the IT25-XY were found to be the highest,

ascribed to the formation of a more defective passive film on its surface.
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Figure 4. 12. (a) Nyquist plots and (b) Bode plots of the WAAM fabricated 420 stainless steel
samples, (c) equivalent circuit model used to describe the EIS data.

Table 4. 4. The fitted EIS spectra parameters.

Sample (Ql;snz) (,:fllslzs(f)l m Ry(Qcm?) (‘:flllfzzs(g n (QI;ZnZ) Z x2

1T25-XY 18 1.98x10* 0.83 5.21x103 9.22x1073 091 1.57x10®° 1.32x107°
1T25-XZ 19 1.11x10* 0.81 7.21x103 5.45x10* 0.86 6.14x10° 1.27x107°
1T200-XY 19 1.48x10* 0.85 6.55x103 8.23x10* 098 3.75x10° 1.54x10°
1T200-XZ 20 1.01x10* 0.83 8.47x103 4.43%10* 0.80 8.45x10° 132x10°
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4. Discussion

4.1. Effect of inter-layer temperature on the formation of the secondary phases in the
microstructure

The dominant microstructure of all studied samples herein (Figures. 4. 3a, 3e, 3f, and 3h)
revealed the formation of a lath martensitic structure along with a significant content of
interdendritic delta ferrite phase. In addition, the XRD spectra and analyzed EBSD results revealed
a slight fraction of retained austenite in the IT25-XZ sample (~ 3%) and a noticeably higher
fraction (~ 18%) of randomly distributed retained austenite in the IT200-XZ sample. Although the
formation of a fully martensitic microstructure is expected when MSSs undergo a fast cooling
cycle during solidification, the fabricated MSS samples in this study revealed a substantial volume
fraction of other microconstituents, i.e. delta ferrite, undissolved carbides, and retained austenite,
due to the complex thermal history experienced by the material during the sequential heating and
cooling cycles in the WAAM process. The formation of retained austenite and delta ferrite phases
has been previously reported in the microstructure of additively manufactured 420 MSS parts [35].
During the cooling cycle from elevated temperatures, the 420 MSS with 0.35 wt. % carbon
undergoes the following equilibrium phase transformation [27]:
L>L+6->6+y+L->y—>a 3)

where L, o, y, and a correspond to the liquid, delta ferrite, austenite, and ferrite phases,
respectively. The transformation of the delta ferrite phase into the austenite is a diffusion-
controlled and time-dependent process [27]. The applied rapid cooling during the solidification
process can hinder the complete transformation of the delta ferrite into the austenite due to
inadequate time for diffusion. In addition, the segregation of chromium as a strong ferrite stabilizer

element along the interdendritic regions can also facilitate the presence of the delta ferrite phase
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at the ambient temperature. These two mentioned factors were the driving force for the formation
and stabilization of the delta ferrite in the microstructure of both IT25 and IT200 samples at room
temperature. It is worth noting that no significant difference in the fraction of the delta ferrite phase
was observed among the samples fabricated at different inter-layer temperatures or different cross-
sectional overviews of the samples. Comprehensive image analysis on the SEM micrographs taken
from all the samples using the ImageJ software revealed that the fraction of the delta ferrite phase

remains relatively within a constant range (~ 24%-27%), as shown in Figure. 4. 13.

mmmm Delta ferrite

mmsm Martensite lath

S0UM —— S0UM e——

Figure 4. 13. Delta ferrite phase fraction analysis of the (a) IT25-XY, (b) IT25-XZ, (c)
IT200-XY, and (d) IT200-XZ samples showing the delta ferrite phase in red and the martensite
lath in grey.

As already stated, a relatively significant amount of retained austenite was formed in the
IT200-XZ sample, while a lower fraction of y was detected in the IT25-XZ sample. The
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stabilization of the retained austenite at room temperature is related to the localized high
concentration of austenite stabilizing elements, such as carbon, in the microstructure, which can
decrease the martensite finish temperature (My) to a temperature lower than ambient temperature
[27]. Therefore, during the solidification process of the ER420 wall, the existence of relatively
high carbon content (0.35 wt. %) in the alloy has led to an incomplete martensitic transformation
and retaining of the untransformed austenite phase in the structure (retained austenite). On the
other hand, in the WAAM process, during the solidification of each track, the heat dissipation
through the previously solidified layers has an important role in determining the final
microstructure of each layer [36]. The higher volume fraction of retained austenite in IT200-XZ
sample with respect to the IT25-XZ sample can be ascribed to its higher inter-layer temperature,
which expedites the re-transformation of the martensite phase in the previously deposited layer to
the austenite by raising the heat-affected zones’ temperature to a temperature higher than the
austenite formation temperature (As). During re-cooling cycle of each layer, the main fraction of
the austenitic regions transforms to martensite and the remains retain at room temperature (also
known as reversed austenite). On the contrary, the lower inter-layer temperature of the IT25 sample
is plausibly not sufficient for the formation of reversed austenite during the re-heating cycle from

the deposition of the subsequent layers.

Additionally, the martensite start temperature (M;) and finish temperature (My) for ER420 is
roughly estimated to be 210°C and 30°C, respectively [37]. Hence, prior to the deposition of a new
track, the previous underlying layer at the inter-layer temperature of 200°C (between Mg and M¢
temperatures) is expected to possess a martensitic microstructure containing inter-lath
untransformed retained austenite. During the deposition of the next layer, the temperature of the

previous underlying layer will increase to temperatures above the Ms, providing enough energy to
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activate the diffusion of carbon from the supersaturated martensite phase into the austenite phase
with a higher solid solubility for carbon. The higher carbon content of the austenite phase will
lower both M and My temperatures and consequently stabilizes the austenite phase at ambient
temperature [37]. Therefore, it can be assumed that the fabricated samples at the higher inter-layer
temperature of 200°C experience a thermal history analogous to quenching and partitioning heat
treatment, which is commonly applied to increase the volume fraction of the retained austenite in

martensitic steels [38].

4.2 Effect of crystallographic orientation on the electrochemical response and passive film
formation

The Read-Shockley equation is adopted based on the dislocation theory, in order to

correlate the grain boundary energy, y4p,, and the grain boundary angle (6) [39]:

Ga @

Yob = triizey (A — n0) (4)

where G is the shear modulus, a is the Burgers vector, ¢ is the Poisson ratio, and 4 is a
constant approximately equal to 0.23. According to the Read-Shockley equation, the stored energy
in the grain boundary is proportional to the grains’ misorientation. The obtained grain boundary
orientation maps from all samples (Figure. 4. 7¢) confirmed that the highest fraction of LAGBs
was recorded for the IT200-XZ sample. The LAGBs, possessing low energy levels, are considered
as obstacles to fast diffusion and can maintain the proximity of the grain boundary diffusivity and
the material’s bulk diffusivity, leading to higher stability of the formed passive layer. Therefore,
in the present study, the impact of LAGBs contributes to the enhanced electrochemical response
of the IT200-XZ sample. On the other hand, IT200-XY sample exhibited relatively lower
frequency of the LAGBs compared to the other samples, suggesting a more noticeable difference
between diffusivity of the grain boundary and bulk material on its surfaces, while IT25-XY and

IT25-XZ samples show relatively the same frequency of the LAGBs. The noticeably lower fraction
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of the LAGBs for the IT200-XY sample can be the controlling factor contributing to its inferior
electrochemical response compared to the IT25-XZ sample. Although the IT25-XY and IT25-XZ
samples exhibit relatively the same density of LAGBs, the magnitude of LAGBs’ impact on the
electrochemical response cannot be quantified or even discriminated from the impacts of variation
of other microstructural features between the samples, including the laths’ size and orientation,
secondary phases, and potentially process-induced residual stresses.

Speaking of the crystallographic orientation of the laths, it is well stated that the high-density
close-packed crystallographic planes that coincide with the sample’s exposed surface to the
electrolyte exhibit better electrochemical response and higher passive layer stability [40]. The high
density close-packed crystallographic plane for the polycrystalline metals with BCC structure is
{110} plane. The pole figure of {110} planes for IT200-XZ sample is showing a strong texture
component (high intensity of 10.33) aligned with the deposition direction (X-axis). Therefore, the
surface of the fabricated sample aligned with the YZ plane is expected to contain the highest
density of close-packed planes parallel to the exposed surface of the sample. Due to the similarities
in the microstructure between the YZ and XZ planes, a high density of closed-packed planes is
also expected on the XZ plane. Hence, the formed texture in the microstructure of IT200-XZ
sample is also in favor of its superior corrosion response. On the other hand, the IT25-XY, with
the lowest OCP and EIS response, exhibited a lower intensity and weaker texture for {110} planes
as compared to other samples.

The corrosion mechanism in stainless steel is primarily discussed with respect to the
mechanism of passive film formation and its stability. On this regard, the thickness of the passive

film plays an important role on its integrity and stability [41]. According to the parallel plate
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expression, the passive film thickness can be calculated using the measured EIS data as follows

[21]:
Ly =2 (5)

where, 4 represents the surface area of the sample, ¢ is the passive film dielectric constant
(~15.6 for Cr,03) [21], & is the vacuum permittivity (8.854 x107'* F cm™), and Cr is the

capacitance of the pure passive layer The Crvalue can be estimated using:

_ (YR)Y™
Rct

(6)
where Yy is the CPE constant, R is the resistance of the charge transfer (calculated R:
values in Table 4. 4), and »n is the exponent of passive film capacitance (calculated n> values in
Table 4. 4) [21]. The calculated passive layer thickness and pure passive layer capacitance values
are shown in Table 4. 5. Apparently, the thickness of the passive layer formed on the IT200-XZ is
the highest while it decreases for the other samples in the order of [T25-XZ > IT200-XY > IT25-

XY, which is in good agreement with the OCP, PDP, and EIS testing results obtained in this study.

Table 4. 5. The passive layer thickness (Lss) and corresponding pure layer capacitance values.

Sample Ci(Q'em2s") L (nm)

IT25-XY 1.20x10 0.028
IT25-XZ 6.56x10* 0.52
IT200-XY 8.54x10* 0.40
IT200-XZ 6.02x10* 0.57

4.3 Effect of secondary phases formation on the corrosion behavior

The corrosion behavior of martensitic stainless steel is highly dependant on the
microstructure and the formation of micro-constituents [16,42]. Corrosion behavior of the AISI
420 MSS is highly influenced by micro-galvanic coupling between the martensitic matrix as anode

and existing intergranular carbides as cathode, intensifying the localized corrosion attack at the
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matrix-carbides interface [16]. The formation of intergranular chromium carbides can drain the
chromium from the matrix and leads to the formation of chromium depleted zones in the matrix at
the periphery of the carbides, which are highly susceptible to corrosion attack [16]. As presented
in this study, only a slight amount of intergranular (interlath) carbides were formed during the
solidification of the WAAM samples. However, the delta ferrite phase acts nearly the same as the
intergranular carbide and can adversely affect the corrosion behavior [19]. Regions containing the
residual delta ferrite phase possess a high Cr concentration and thereby are surrounded by Cr-
depleted zones at the martensite phase, making the interface regions between the delta ferrite and
martensite phase susceptible to initiation of corrosion attack. The IT25-XY and IT25-XZ samples
exhibited severe corrosion attack, as shown in Figures. 4. 14a and 15a after the PDP tests. Prior to
the PDP testing, the chromium line scanning plot taken across the delta ferrite-matrix interface
(the inset in Figure. 4. 14f) revealed that the Cr concentration was reduced to less than 11 wt.%
adjacent to the delta ferrite phase, indicating the formation of chromium depleted region at the
interface zone. Differently, after the PDP testing, the sensitized regions along the interface of the
delta-ferrite phase where the initiation of localized corrosion attack was detected for the IT25-XY
and IT25-XZ samples (shown in Figures. 4. 14b-d) revealed a higher concentration of chromium
than that in the martensite matrix. The detected higher content of Cr element in the sensitized
regions (Figure. 4. 14d) is ascribed to the preferential dissolution of Fe element (Figure. 4. 14c)
from these regions during the corrosion testing in the electrolyte, while Cr element, which
primarily exists in the solid-solution form in delta ferrite, does not seem to leach from the surface
[20,21,43]. Therefore, the preferential depletion of Fe element from the surface leads the detected
Cr-rich regions along the interface of the matrix and delta ferrite phase. Therefore, the severe

corrosion attack propagated in the martensite matrix at the periphery of the delta-ferrite phase is
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ascribed to the formation of micro-galvanic coupling between the cathodic delta ferrite phase with
higher Cr content and the Cr-depleted martensitic matrix as the anode (shown in Figures. 4. 14b
and 15b).

Unlike the sample deposited with the inter-layer temperature of 25 °C, the corrosion
morphology on the IT200 sample after the PDP testing (Figure. 4. 16) exhibited the initiation stage
of the intergranular corrosion and was characterized by the formation of shallow trenches at the
martensite lath boundaries and the interface between the delta-ferrite phase and its surrounding
matrix (indicated in Figure. 4. 16b). It is shown that the Cr-depleted regions have dissolved
preferentially where the initiation of the intergranular corrosion has taken place. Similar to the
IT25 sample, the martensite phase is the susceptible region to the corrosion attack and the delta
ferrite phase is less prone to anodic dissolution due to the higher concentration of the chromium
in this phase.

The EDX line scans shown in Figures. 4. 14e, 15d, 16d, and 17d reveal that by increasing the
interlayer temperature from 25°C to 200°C the chromium content of the delta ferrite phase is
decreasing from ~24 wt.% to ~17 wt.%. The lower severity of corrosion attack on the IT200-XY
sample relative to that of the IT25-XY sample can be correlated to the lower chromium content of
the delta-ferrite phase formed in the IT200 sample (Figures. 4. 16d and 17d) ascribed to the higher
interlayer temperature used in the fabrication process of that sample. The 200 °C interlayer
temperature can be sufficient to trigger the diffusion of Cr atoms from Cr-rich delta-ferrite regions
to chromium-depleted zones in the previously solidified layers, slightly lowering the chromium
concentration gradient and the extent of chromium depleted regions between the delta-ferrite phase
and its surrounding matrix, and ultimately improving the intergranular corrosion resistance of the

sample.
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Figure 4. 14. (a) The SEM micrographs from the IT25-XY sample after polarization testing, (b)
higher magnification SEM micrograph from the enclosed area in (a), (c) the corresponding EDX-
Fe concentration and (d) Cr concentration maps, () the compositional line scan across the delta
ferrite phase (along the yellow dashed arrow in (b)) after the polarization testing, and (f) SEM
image and the chromium concentration line scan across the delta ferrite-matrix interface region
prior to the polarization testing.
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Figure 4. 15. (a) The SEM micrographs from the 1T25-XZ sample after polarization testing, (b)
higher magnification SEM micrograph from the enclosed area in (a), (c¢) the corresponding EDX-
Cr concentration map, (d) compositional line scan across the delta ferrite phase.

The formed higher volume fraction of the retained austenite in the IT200-XZ sample (~
18%) as compared to that in the IT25-XZ sample (~ 3%) also contributes to the superior corrosion
response of the IT200 sample. In another study, Lei ef al. [44] reported that the presence of retained
austenite along the martensite lath boundaries enhanced the pitting resistance of a tempered Super
13Cr alloy. Analogously, the retained austenite in the IT200 sample was primarily detected along
the lath boundaries (shown in Figure. 4. 6). The presence of retained austenite is commonly

detected at the chromium-depleted regions, where the austenite stabilizing elements, such as
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carbon, enrich and consequently grow along the lath boundaries [25]. This is compelling evidence
confirming that the formation of retained austenite can hinder the propagation of intergranular
corrosion at the lath boundaries. The reversed or retained austenite can also reduce the
heterogenization at the lath boundaries, leading to the enhanced stability of the boundaries, further
contributing to the improved corrosion performance of the alloy by limiting the extension of
intergranular corrosion [44].

Figure. 4. 18 demonstrates the schematic diagram of the intergranular corrosion mechanism
at the Cr-depleted region adjacent to the delta ferrite phase in two scenarios with or without the
presence of the retained austenite phase. Samples deposited at the interlayer temperature of 25°C
are highly susceptible to the initiation and propagation of corrosion attack through the Cr-depleted
regions adjacent to the residual delta ferrite phase with high chromium concentration (Figure. 4.
18a). Differently, the formation of high volume fraction of retained austenite along the martensite
lath in the IT200-XZ can reduce the number of nucleation and propagation sites for the
intergranular corrosion (Figure. 4. 18b).

As mentioned earlier, the IT25-XZ sample exhibited low volume fraction of
retained austenite (~3%), while no retained austenite phase was detected in the IT200-XY. The
presence of the retained austenite phase combined with the higher fraction of the LAGBs in the
IT25-XZ sample can contribute to the enhanced electrochemical response of the IT25-XZ sample
relative to the IT200-XY sample, despite the latter contains delta ferrite phase with lower

chromium content.
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Figure 4. 16. (a) The SEM micrographs from the IT200-XY sample after polarization testing, (b)
higher magnification SEM micrograph from the enclosed area in (a), (c¢) the corresponding EDX-
Cr concentration map, (d) compositional line scan across the delta ferrite phase.
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Figure 4. 17. (a) The SEM micrographs from the IT200-XZ sample after polarization testing, (b)

higher magnification SEM micrograph from the enclosed area in (a), (c) the corresponding EDX-
Cr concentration map, (d) compositional line scan.
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Figure 4. 18. Schematic illustration of the intergranular corrosion mechanism in WAAM
fabricated 420 stainless steel: (a) in the presence of the delta ferrite and martensite laths, (b) in
the presence of delta ferrite, martensite laths, and retained austenite.

5. Conclusions

In this study, the effects of the crystallographic orientation and the micro-constituents’
formation on the corrosion performance of a 420 martensitic stainless steel produced by the wire
arc additive manufacturing at two different inter-layer temperatures of 25 °C (IT25) and 200 °C
(IT200) and from top and side views (XY and XZ views, respectively) were investigated. The

following conclusions were drawn from this study:

1. The microstructure of all fabricated samples contained martensite laths with an average lath
size of ~3 um along with the delta ferrite phase. The side view of the IT200 sample (IT200-
XZ) also possessed a high-volume fraction of retained austenite (~ 18%), while only 3%

austenite was retained in the 1T25-XZ sample.

2. The IT200 samples exhibited anisotropic crystallographic behavior, while a relatively isotropic
texture was detected in the IT25 samples. Strong cubic {001 }<100> solidification texture was
formed in the 1T200-XZ sample due to close alignment of the <001> growth direction of

primary austenite grains and the sample’s building direction. A Kurdjumov—Sachs orientation

174



relationship ({110}4/{111}y) was found between the formed retained austenite in the

fabricated samples and its surrounding martensite laths.

The polarization results confirmed a higher corrosion potential and lower corrosion current
density for the IT200-XZ and IT25-XZ samples, suggesting the better electrochemical
performance of the fabricated samples on their XZ surfaces against localized corrosion attack.
Additionally, the EIS data indicated higher electrochemical stability and a thicker passive film
formed on the IT200XZ and IT25-XZ samples as compared to the IT25-XY and IT200-XY

samples.

The corrosion morphology of the samples after polarization testing for the IT25-XY and IT25-
X7 showed severe localized corrosion attack, while the IT200-XY and IT200-XZ samples
exhibited an early stage of intergranular corrosion. The corrosion mechanism of the samples
was dictated by the higher susceptibility of the delta ferrite-martensite interface to localized
corrosion attack, where the Cr element was found to be depleted. The corrosion performance
of the IT200-XZ sample was enhanced due to less degree of Cr-depletion from the periphery
of the delta ferrite regions, higher fraction of LAGBs, and higher density of close-packed
planes parallel to the exposed surface (XZ plane), along with the formation of higher
concentration of retained austenite in this sample, all contributed to restraining the corrosion

nucleation sites on its laths boundaries.
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Chapter 5

Effects of Secondary-phase Formation on the Electrochemical Performance of

a Wire Arc Additive Manufactured 420 Martensitic Stainless Steel under

Different Heat Treatment Conditions *

Preface

The original version of this manuscript has already been published in the Journal of Materials
Engineering and Performance (JMEP). I am the first and the corresponding author of the current
work. In this chapter, [ and my colleagues, Dr. Ali Nasiri, Alireza Vahedi Nemani, and Mahya
Ghaffari, investigated the impact of secondary phase formation on the electrochemical
performance of a wire arc additive manufactured 420 martensitic stainless steel under two different
heat treatment conditions. I was responsible for preparing methodology, experimental testing,
result gathering, and drafting of the original manuscript. Subsequently, I revised the paper based
on my colleagues’ initial comments and the peer-review process. The co-authors contributed to
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Abstract

This study aims to investigate the effects of annealing, quenching and tempering (Q&T)
heat treatments on the microstructure, crystallographic orientation, and electrochemical
performance of a wall shaped 420 martensitic stainless steel part fabricated by wire arc additive
manufacturing (WAAM) technology. The formation of a martensitic matrix with delta ferrite in
the as-printed sample, islands of spherical chromium carbides embedded in a ferritic matrix in
annealed sample, and intergranular chromium-rich carbides along the primary austenite grain
boundaries in addition to intra-lath Fe-rich carbides in the Q&T heat treated sample were detected.
To characterize the corrosion performance of the fabricated samples, open circuit potential (OCP),
potentiodynamic polarization (PDP), and electrochemical impedance spectroscopy (EIS) tests
were performed on all samples in aerated 3.5 wt% NaCl electrolyte at room temperature. The
corrosion morphology of the as-printed sample was characterized by localized corrosion attacks
adjacent to the delta ferrite phase, while severe pitting occurred in the annealed sample due to the
high susceptibility of ferritic matrix-carbide interface to pitting. In contrast to the as-printed and
annealed sample, the electrochemical performance of the Q&T samples was found to be
significantly improved, ascribed to the elimination of the chromium-depleted regions adjacent to

the delta ferrite phase and enhanced protectiveness of the passive film on the alloy’s surface.
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1. Introduction

Martensitic stainless steels (MSSs) are broadly used in automotive, aerospace, medical,
and marine industries due to their excellent combination of mechanical properties and corrosion
performance [1]. Unlike the ferritic and austenitic stainless steels, both mechanical and corrosion
performance of the MSSs can be controlled by applying proper heat treatments, leading to their
expanded demands for structural applications in harsher environments [2]. Most commercial
sheets of MSSs are available in the soft annealed condition with islands of spherical carbides
embedded in a ferritic matrix, possessing high ductility and relatively lower strength, leading to
their outstanding formability [3]. MSSs can also be heat treated through a Q&T cycle, in which
newly-precipitated carbides form in a martensitic matrix, resulting in a higher hardness and
strength [4,5]. Among all MSSs, AISI 420 MSS with 13 wt% chromium is commonly used for
plastic molding applications, where sufficient corrosion and wear resistance is required [6].
Conventional manufacturing techniques, such as forming and casting, have been used for the
fabrication of 420 MSS, while several in-service defects, including edge deterioration, diggings,
and dents, have been reported for dies fabricated through aforementioned techniques [6]. Recently,
additive manufacturing (AM) technology has been adopted for the fabrication of 420 MSS with
improved mechanical properties and minimum process-induced defects [1,7]. In a recent study,
Alam et al. [1] implemented a laser-based AM technique for the fabrication of 420 MSS and
reported comparable mechanical properties for the fabricated part relative to its conventionally
fabricated counterpart.

Considering the recent COVID-19 outbreak and its impact on the supply chain for many
industries, AM technology is suggesting promising on-site production engineering routes for the

post-COVID-19 era, especially for the manufacturing sectors [8]. In general, due to the layer-by-
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layer construction fashion and other unique process aspects, metal AM can facilitate building
complex parts in a timely manner with less material waste than traditional metal manufacturing
methods [9]. As one of the fastest evolving metal AM technologies, WAAM technology
implements an electric arc or plasma as the heat source to fabricate medium to large-scale metal
parts using a continuous wire as the feedstock material [10]. In the authors’ previous works [11,12],
the fabrication feasibility of 420 MSS parts using the WAAM technique and the preliminary
mechanical properties and corrosion performance of the alloy in as-printed condition were
reported. Rapid solidification and complex heating and cooling cycles associated with the WAAM
process lead to the formation of a non-homogeneous microstructure containing non-equilibrium
micro-constituents [6]. The presence of secondary non-equilibrium micro-constituents can
adversely impact the corrosion performance of the as-printed samples [12]. Hence, developing a
systematic post-printing heat treatment cycle is required to eliminate the formation of unfavorable
micro-constituents and enhance the mechanical and corrosion performance of the WAAM part.
Furthermore, the variation of crystallographic orientation (texture) during post-printing heat
treatment can also contribute to the overall corrosion resistance of the alloy either by formation of
a preferential texture during the heat treatment process or altering the misorientation nature of
grain boundaries [4,13]. Therefore, this study aims to characterize the effect of different post-
printing heat treatments, i.e. annealing and quenching and tempering, on the corrosion
performance of a WAAM fabricated 420 MSS with respect to the micro-constituents’ evolution

and texture annihilation during heat treatment.
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2. Experimental procedure

WAAM technology was adopted to fabricate a wall of 420 MSS on a 30 mm thick base plate of
AISI 420 stainless steel using ER420 feedstock wire. The chemical composition of both ER420
wire and AISI 420 substrate are reported in Table 5. 1. As shown in Figure 5. 1, a gas metal arc
welding (GMAW) torch mounted on a robotic arm, along with an automated wire feeding system
were employed to fabricate a 25-layer wall with the dimensions of 160x160x6 mm?® using an all-
x scanning strategy and the inter-layer temperature of 100 °C (attained by ~ 7 min of dwelling time
between the deposition of two consecutive layers). The implemented WAAM process parameters
are summarized in Table 5. 2. To eliminate the process-induced microstructural inhomogeneities
and unfavorable phases, the as-printed samples were exposed to annealing and Q&T heat
treatments. For annealing, the as-printed sample was held at 850°C for 120 min, followed by
cooling to room temperature in the furnace. For Q&T, the as-printed sample was first austenitized
for 30 min at 1150°C and then quenched in the air to room temperature. After a detailed
investigation on the effect of several tempering temperatures on the electrochemical response of
the samples (to be reported by the authors in another study), 400°C was selected as the optimum
tempering temperature. The as-quenched sample was then subjected to a 4 h tempering cycle at

400°C, followed by air cooling.
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Table 5. 1. The nominal chemical composition of the used materials in this study (all data in

wt.%).
Material C Cr Mn Si S P Ni Mo Cu V Fe
ER420 0.3-04 12-14 0-1 0-1 0-0.03 0-0.04 0-0.5 0-0.5 0-0.5 - Bal
AISI420 0.15-0.46 12-14 0.4-1 0-1 0-0.03 0-0.04 - 0-0.1 - 0.3 Bal.

Table 5. 2. The WAAM process parameters used for the fabrication of AISI 420 MSS wall in this
study.

Current Arc Voltage Wire Feeding Rate Scanning Rate  Ar Flow Rate
135A 29V 67.7 mm/s 3.6 mm/s 20 L/min

For microstructural characterizations, samples were cut, mounted, and prepared following
standard grinding and polishing procedures for stainless steels, and then etched using Villella’s
reagent for 20 s. The microstructural characteristics of the samples were studied using an FEI MLA

650F scanning electron microscope (SEM) equipped with an energy-dispersive X-ray
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spectroscopy (EDS) detector. Electron backscatter diffraction (EBSD) analysis was also conducted
using an HKL EBSD system at the step size of 0.5 um. X-ray diffraction (XRD) analysis was also
performed using a Cu-K, source at 40 kV and 30 mA.

The electrochemical behavior of the samples was examined through OCP and PDP testing. The
EIS testing was also conducted to measure and analyze the electronic properties of the passive film
formed on all samples. Electrochemical measurements were performed in aerated 3.5 wt% NaCl
solution using an IVIUM CompactStat™ computer-controlled Potentiostat apparatus. A
conventional three-electrode cell set-up, containing a saturated Ag/AgCl electrode as the reference
electrode, a graphite rod as the counter electrode, and the prepared samples as the working electrode
were used. Prior to each PD and EIS experiments, the OCP values were also monitored for 1 h for
stabilization. Separately,the OCP measurements were conducted over 14 h to analyze the
electrochemical stability of samples over a longer period of time. The PDP tests were conducted
at the scanning rate of 0.4 mV/s in the potential range of -0.2 V up to 0.5 V versus OCP. The EIS
measurements were conducted over the frequency range of 10° Hz to 10 Hz with a sinusoidal
perturbation signal voltage of 10 mV after 1 h and 120 h of immersion time. All electrochemical
experiments for each condition were repeated at least five times to ensure the reproducibility of the

results.

3. Results

3.1.Microstructural characterization:

The low and high magnification SEM images of the as-printed sample and its corresponding EDS
elemental maps of iron and chromium are illustrated in Figure 5. 2a-2c. The low magnification
micrograph of the as-printed sample (Figure 5. 2a) exhibits a columnar dendritic structure, grown

along the building direction (Z-axis) parallel to the heat dissipation direction. As shown in Fig. 2b,
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a fine lath martensitic structure (M phase) along with a high-volume fraction (~20%) of o-ferrite
(DF) phase are formed in the as-printed part. While the formation of a martensitic structure
containing o-ferrite phase is not expected according to the pseudo-binary phase diagram of 420
MSS alloy [3], a martensitic matrix in the as-printed sample has formed due to the non-equilibrium
solidification condition with relatively high cooling rate associated with the WAAM process [6].
Moreover, the stabilization of the d-ferrite phase at ambient temperature is correlated to the high
chromium content of the alloy (Figure 5. 2¢), as a ferrite stabilizing element, accompanied by the
rapid solidification nature of process that hinders the diffusion-controlled transformation of -
ferrite to austenite at ~1400 °C [6]. On the other hand, the Cr-EDX line scan analysis along the
delta ferrite-matrix interface (Figure 5. 2¢) revealed that in the area adjacent to the delta ferrite-
matrix interface, Cr concentration reduced to less than 11 wt.%, confirming formation of Cr
depleted region at the interface in the as-printed sample.

Figure 5s. 2d-2f exhibit the SEM micrographs of the annealed sample and the corresponding
EDS elemental maps of iron, chromium, and carbon elements. The annealed sample (Figure 5s. 2d
and 2e) revealed the suggested microstructure by the pseudo-binary phase diagram of 420 MSS
alloy with islands of spherical chromium carbides embedded in a ferritic matrix [3]. The EDS
elemental map of the annealed sample (Figure 5. 2f) shows enrichment in chromium and carbon

and depletion in iron, indicating the formation of chromium-rich carbides.

SEM micrographs of the Q&T sample at three different magnifications are shown in Figure
5s. 2g-2i. The formation of a fully martensitic matrix without any undissolved carbides (coarse
spherical carbides) and dissolution of d-ferrite phase were detected in the as-quenched sample
before tempering, indicating the samples’ proper austenitization at 1150 °C . Austenite grains are

formed through austenitization and transformed on cooling, while the segregation of chromium
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carbides at the prior austenite grain boundaries (PAGBs) (see Figure 5. 2h) and the formation of
sub-micron intra-lath chromium carbides occurred during the tempering process (Figure 5. 21).
Previous studies on the MSS with 13 wt% chromium content [14,15] suggested that the intra-lath
carbides formed at low tempering temperatures (~400 °C) were mainly characterized as nano-sized

M3;C type carbides with similar Cr-concentration to the martensitic matrix

Cr depletion zone
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Figure 5. 2. (a) Low magnification SEM micrograph of the as-printed sample along with (b) its
high magnification SEM showing the formation of the d-ferrite phase and (c) its corresponding
EDS elemental map and line scan showing high concentration of Cr in the o-ferrite phase, (d and
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e) multi-scale SEM micrographs of the annealed sample showing islands of spherical carbides in a
ferritic matrix and () its corresponding EDS elemental map showing high concentration of Cr and
C in the spherical carbides, (g) low magnification SEM micrograph of the Q&T and (f) high
magnification SEM showing PAGBs, intergranular carbides, and martensitic phase, and (i)
formation of intra-lath carbides in the martensitic phase.

The XRD patterns of the as-printed, annealed, and the Q&T samples are shown in Figure 5. 3.
The XRD spectra of the as-printed sample exhibits the presence of martensitic phase at (110),
(200), (211), and (220) planes along with low-intensity peaks of austenite phase (y) at (111) and
(200) planes. Presence of (111)y and (200), peaks indicates the formation of retained austenite
phase through the solidification process due to the sequential heating and cooling cycles associated
with the WAAM process and also the noticeable content of carbon as an austenite stabilizing
element in the alloy [6,12]. The formation mechanism of the retained and reversed austenite in the
WAAM-420 stainless steel is thoroughly explained in the authors’ previous works [11,12]. No -
ferrite peaks were distinguished on the XRD spectra due to only minor variation of lattice
parameters between martensite and §-ferrite phases (10#-10°nm) [16]. The XRD spectra of the
annealed and Q&T samples show the same ferritic/martensitic peaks as the as-printed sample,
while the (111),and (200), are disappeared after annealing and tempering cycles. During the Q&T
heat treatment process, the sample experiences a single fast cooling cycle from the austenitizing
temperature, and the tempering temperature (400 °C) is not sufficient to activate the reversed
austenite formation. On the other hand, during the annealing process, the diffusional segregation
of carbon element from the austenite phase to the ferritic matrix eliminates the retained austenite

phase from the as-printed structure.
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Figure 5. 3. The XRD results of the as-printed, annealed, and Q&T samples.

3.2.Crystallographic orientation characterization:

Figure 5. 4a-4c illustrate the inverse pole figure (IPF) maps superimposed on the grain
boundaries maps for the as-printed, annealed, and the Q&T samples, respectively. The IPF of the
as-printed sample reveals a fine martensitic lath structure formed within the coarse primary
austenite grains (marked with black lines) with several crystallographic orientations normal to
{001}, {101}, and {111} planes. Unlike the as-printed sample, the IPF map of the annealed sample
(Figure 5. 4b) reveals an equiaxed and coarser grain structure. Moreover, as shown in Figure 5.
4c, the IPF of the Q&T sample exhibits a tempered martensitic structure, characterized by a three-
level hierarchy within its morphology, i.e., martensite lath, block, and packet, confined within the
PAGBs (marked with black lines). Distribution of low angle grain boundaries (LAGBs), medium
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angle grain boundaries (MAGBs), and high angle grain boundaries (HAGBs), for the as-printed,
annealed, and Q&T samples are exhibited in Figure 5. 4d-4f. It is notable that the distributions of
the LAGBs and HAGBs remain relatively the same for the as-printed and the Q&T samples, while
the annealed sample exhibits a significantly lower fraction of LAGBs and a higher fraction of
HAGBs. Statistical illustration of the misorientation angle distribution at Figure 5. 4j reveals that
the fraction of the LAGBs for the annealed sample is ~11%, while this fraction is ~51 % and ~56
% for the as-printed and Q&T samples, respectively. Additionally, Figure 5. 4g-41 illustrate the
grain and lath size distributions, extracted from the EBSD data, representing the size of martensite
laths for the as-printed and Q&T samples and the ferrite grain size for the annealed sample. Both
as-printed and Q&T samples exhibit a high fraction of relatively fine lath structure (average lath

size ~ 2.50 um), while the annealed sample exhibits relatively coarser grain structure with an

average grain size of ~ 5.25 yum.
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Figure 5. 4. (a-c) The IPF maps superimposed on the grain boundary maps for the as-printed,
annealed, and the Q&T samples, respectively, (d-f) the corresponding grain boundaries
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misorientation maps, (g-1) grain size distribution plots, and (j) grain boundaries misorientation
angles distributions for the studied samples.

The pole figures (PFs) of the as-printed, annealed, and Q&T samples at {100}, {110}, and
{111} planes are demonstrated in Figure 5. 5 and the building direction (BD) and the deposition
direction (DD) are marked as well . The PF of the as-printed sample (Figure 5. 5a) exhibits a strong
cubic texture at {100} planes (maximum intensity of ~4.22 MUD), ascribed to the directional
solidification along the maximum thermal gradient direction [7]. Contrarily, the pole figures of
annealed and Q&T samples (Figure 5. 5b and 5c) exhibit relatively weaker texture, ascribed to the
elimination of solidification texture during recrystallization (in the annealed sample) or
austenitization (for the Q&T sample). The orientation distribution function (ODF) maps based on
the PF stereographs at ¢2=45° associated with the detailed crystallographic orientation of each
texture component and their corresponding 3D plots are shown in Figure 5. 6. Figure 5. 6a and 6b
exhibit a strong dominancy of preferred columnar {001}<100> solidification texture combined
with {111}<110> texture component with the maximum intensity of 6.52, while significantly
weaker columnar {001 }<100> texture is observed for the heat-treated samples (Figure 5. 6¢-6f).
The annealed sample exhibits {111}<110> and {011}<111> texture components along with full
elimination of {001 }<100> solidification texture (Figure 5. 6¢), ascribed to occurrence of severe
recrystallization during annealing, while weak {001}<100>and {011} <111> texture components

are observed for the Q&T sample (Figure 5. 6¢).
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Figure 5. 5. EBSD pole figure maps of (a) the as-printed, (b) annealed, and (c) the Q&T samples.
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Figure 5. 6. Angular textural cross-sections of orientation distribution function at ¢>=45° and
their corresponding 3D-plots for (a and b) the as-printed, (c and d) annealed, and (e and f) the
Q&T samples

3.3.Corrosion results:

The OCP values variations over 14 h in aerated 3.5 wt% NaCl solution for the as-printed
and heat-treated samples are displayed in Figure 5. 7a. The OCP trend relatively stabilized after
nearly 9.7 h, and the average stabilized OCP value for the as-printed sample was found to be -
390+20 mVagagci, while it increases to -365+15 mVagagcr and -315+25 mVagagcr for the
annealed and Q&T samples, respectively. Severe fluctuations were observed in the OCP values of
the annealed and Q&T samples at the initial monitoring times (immersion time <10*s), possibly
ascribed to continuous metastable pitting or some type of localized attack on the samples surfaces

[3] that eventually decreases the OCP value at immersion times higher than 10%s.
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Following the OCP measurements, the PDP experiments were conducted to characterize the
electrochemical behavior of the samples, as shown in Figure 5. 7b. The obtained electrochemical

parameters from the PDP graphs, i.e. corrosion current density (icorr), corrosion potential (Ecorr),

pitting potential (Epit), and passivation current density (ip) are summarized in Table 5. 3. A wide

passive region with clear breakdown potential was observed for the Q&T sample, while an active-
like behavior, characterized by a rapid increase of the anodic current density at potentials higher
than Ecor, was detected for the as-printed and annealed samples, suggesting the continuous
occurrence of severe localized corrosion attacks that hinder the formation of an intact passive film
on the samples’ surfaces. The observed fluctuations in the anodic branch for the Q&T sample also
correspond to metastable pitting [3]. The Q&T sample exhibited higher Ecorr and lower icorr values
as compared to the as-printed and annealed samples, indicating its lower corrosion susceptibility

and higher electrochemical stability, consistent with the OCP trends.
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Figure 5. 7. (a) The open-circuit potential (OCP) values versus time, (b) potentiodynamic
polarization curves for the as-printed, annealed, and the Q&T samples in aerated 3.5 wt.% NaCl
solution
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Table 5. 3. The electrochemical parameters extracted from the PDP graphs in aerated 3.5 wt.%
NaCl solution at room temperature.

Sample Ecorr icorr ip Epit
(mVag/agcr) (uA cm™) (A cm?) (mVagagcn)
As-printed -293+12 0.62+0.05 - -
Annealed -258+15 0.44+0.03 - -
Q&T -176+13 0.21+0.04 8.256+0.04 302+15

In order to analyze the protectiveness and stability of the passive film on the samples’ surfaces,
the EIS experiments were conducted in aerated 3.5 wt% NaCl electrolyte. Figure 5. 8 shows the
obtained Nyquist diagrams for the as-printed and heat-treated samples, after 1 h and 120 h of
immersion times. Nyquist diagrams of all samples exhibited one broad capacitive semicircle as a
result of the superposition of two individual peaks with neutral time constants for both immersion
times [13]. The significantly larger semicircle curves in the Nyquist diagrams for the Q&T sample
at both immersion times as compared to the other two samples confirm the more protective nature
of the passive film formed on the Q&T sample [13], consistent with the observed trend in the PDP
results. After the longer immersion time of 120 h, a significant reduction in the radius of the
Nyquist curves was detected, ascribed to the continuous dissolution of the passive layer into the
solution over time, causing severe deterioration in the electrochemical stability [13]. As shown in
Figure 5. 8a, a simplified equivalent circuit (SEC) was fitted to the EIS data to quantitatively
analyze the passive film evolution on the samples’ surfaces. The obtained fitted results are also
plotted on the Nyquist diagrams (Figure 5. 8a and 8b). In the used SEC model, Rs corresponds to
the electrolyte resistance, CPE, and R, represent the capacitance and the resistance of the passive
film, CPEq and R correspond to the double layer constant phase element (CPE) and its charge
transfer resistance, respectively [4]. The impedance value of the CPE can be described as: Zqpg =

[Yo(jw)"]~, where Yo is the CPE constant, o is the angular frequency, n is the dispersion
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coefficient of the CPE, and j = —(1)"?[4]. The fitting parameters obtained from the EIS results are

summarized in Table 5. 4. At both immersion times of 1 h and 120 h, the Q&T sample showed
higher R¢t and lower CPEq values as compared to the other two samples, revealing the more
protective nature of the passive layer against localized attack on the Q&T sample. Significantly
lower Rt and R;, values at 120 h as compared to the samples immersed for 1 h indicate the reduced
stability of the passive film at longer immersion times in the electrolyte. The obtained lower R
values than their corresponding R, values for the as-printed and annealed samples at both
immersion times confirms the active-like behavior of the samples’ surfaces, while an opposite

trend (Rp<Rct) was detected for the Q&T sample, indicating its clear passive behavior.
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Figure 5. 8. Nyquist plots and the corresponding equivalent circuit model used to describe the
EIS data at immersion times of (a)l h, (b) 120 h.

The power-law model developed by Hirschorn ef al. [17], is used as a practical technique to

analyze the CPE parameters in terms of passive film thickness and resistance. In this model [17],
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the Cois described as: Corr = gQ(pseoe)’™", where ¢ is the passive film dielectric constant

(~15.6 for Cr203), & is the vacuum permittivity (8.854 x107'* Fem™) [18], g is a function of n

(g =1+ 2.88(1 —n)%37%), and pj is the passive layer resistance at its maximum thickness. The

passive layer thickness in steady-state condition (Lss) can be estimated based on the EIS data and

EEQA

using the plate capacitor relationship as suggested in [13,19]: Lg = - where A4 is the is the
eff

surface area of the corroded sample. The calculated Ls and Ce values for the samples, presented

in Table 5. 5, confirmed a higher passive layer thickness for the Q&T sample, while it decreases

for the other samples in the order of annealed sample > as-printed sample, consistent with the OCP,

PDP, and EIS results.

Table 5. 4. The fitted electrochemical parameters for the EIS spectra.

Immersion Time Sample Rs CPE, ni Rp CPEa n Ret Z P
(h) Qem?») (Q'emr (Qcm?) Q'lemr (Qem?)
an) an)
As- 3.54 1.75x10*  0.89 1.40x10* 1.33x10* 0.88 1.89x10? 1.27 x
printed 1073
1 annealed 3.56 6.82x10° 096 2.60x10* 5.74x10° 0.94 1.93x10° 1.64 x
1073
Q&T 3.58 9.27x10°% 094 1.19x10> 2.62x10° 0.86 1.90x10° 1.62 x
1073
As- 3.54 9.94x10*  0.89 6.04x10° 1.83x10* 0.83 1.03x10? 1.52 x
printed 1073
120 annealed 3.58 4.23x10%  0.88 1.74x10° 1.25x103  0.84 1.24x10° 1.47 x
107
Q&T 3.65 8.24x10°  0.87 1.12x10*> 2.71x102 098 7.5x10° 1.25 x
107
Table 5. 5. The calculated capacitance (Cef) and passive layer thickness (Lss).
. . Cej]’ Lss
Immersion Time (h) Sample (Fem?) (nm)
As-printed 6.52x10* 0.52
1 annealed 4.06x10* 1.07
Q&T 1.45x10° 61.23
As-printed 8.24x10* 0.25
120 annealed 6.03x10* 0.43
Q&T 4.62x10° 18.05
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4. Discussion

It is well-known that the electrochemical response of MSSs is highly dependent on the formation
of micro-constituents, where micro-galvanic coupling between the anodic martensitic/ferritic
matrix and cathodic carbides (mostly chromium carbides) governs the localized corrosion attack
[3]. The same scenario can be seen in the WAAM 420 MSS, where d-ferrite phase possessing a
high content of chromium, plays the same role as cathodic intergranular carbides and can adversely
impact the corrosion performance [12]. Regions at the periphery of the d-ferrite phase are mostly
chromium depleted (shown in Figure 5. 2¢), since the Cr-rich 3-ferrite phase drains the chromium
element from its adjacent matrix, causing the susceptibility of the d-ferrite/martensite interface to
initiation of corrosion attack [12]. Such corrosion attack initiation sites were observed at the
interface of the d-ferrite phase and martensitic matrix in the as-printed sample, after the PDP test,
as shown in Figure 5. 9a, and 9b. The EDS elemental maps (Figure 5. 9c and 9d) revealed the
sensitized regions with high concentration of chromium at the d-ferrite/matrix interface due to the
preferential dissolution of Fe element (Figure 5. 9c) during the corrosion testing, while Cr element
does not seem to leach from the surface [4,13]. The presence of a high fraction of d-ferrite phase
(~20%) in the microstructure of the as-printed sample provokes the occurrence of micro-galvanic
coupling between the cathodic delta ferrite phase and the Cr-depleted martensitic matrix and acts
as the main factor for deterioration of the electrochemical response and active-like behavior of this
sample [11]. Similarly, the active behavior of the annealed sample through the PDP test is ascribed
to the high volume fraction of intergranular chromium carbides at the ferritic matrix and higher
susceptibility of matrix/carbide interface to the pitting initiation [4,5]. The corrosion morphology

of the annealed sample (Figure 5. 9¢e and 9f) revealed stable pit growth on its surface, characterized
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by the formation of propagated pitting sites resulted from continuous growth and coalescence of
the pits as the corrosion progresses. The EDS mapping from one of the surface pits revealed
selective dissolution of Fe element from the pit and its border, creating a Cr-rich band along its
periphery (Figure 5. 9g and 9h). As shown in Figure 5. 9i-91, the corrosion mechanism of the Q&T
sample is controlled by the intergranular corrosion at the PAGBs, where a chromium depleted
region is formed through precipitation of the intergranular carbides adjacent to the high energy
grain boundaries. Interestingly, it is observed that the martensitic matrix in the interior of PAGs is
highly resistant to localized corrosion, possibly attributed to the chemical composition of the intra-
lath carbides (see Figure 5. 21) [14,15]. Previous studies have revealed that the morphology, size,
and chemical composition of tempered carbides are highly dependent on the tempering
temperature [14,15]. The intra-lath carbides formed at 400 °C are mostly nano-sized M3C type
carbides with chemical composition and chromium concentration similar to the martensitic matrix
[14,15], hindering the micro-galvanic coupling effect at their interface with the matrix, leading to
the formation of a uniform passive layer on the Q&T sample.

In addition to the impact of secondary phases as the dictating factor that controls the corrosion
behavior of the studied alloy, the distribution of grain boundary misorientation maps for the as-
printed and heat-treated samples herein (Figure 5. 4j) revealed that the annealed sample possesses
a significantly lower fraction of LAGBs and higher fraction of HAGBs, while the fractions of
LAGBs and HAGBs are relatively constant for the as-printed and the Q&T sample. According to
the Read-Shockley equation [20], the amount of stored energy in the grain boundaries is
proportional to the grain boundaries misorientation angle with some exceptions, such as twin
boundaries. Although not significant, this can be considered as a minor contributing factor to the

reduced corrosion performance of the annealed sample with a high fraction of high energy HAGBs,
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where fast diffusion paths can be easily activated [21]. The noticeable higher fraction of LAGBs
in the Q&T sample can support the formation of a more uniform passive film on its surface resulted

from the proximity of the grain boundary diffusivity and the material’s bulk diffusivity [21].
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Figure 5. 9. (a) The SEM micrographs from the as-printed sample after polarization testing, (b)
higher magnification SEM micrograph from the enclosed area in (a), (c and d) the corresponding
EDX-Fe and EDX-Cr concentration maps, respectively, (e) the SEM micrographs from the
annealed sample after polarization testing, (f) higher magnification SEM micrograph from the
enclosed area in (f) showing the micro-pit formation, (g and h) the corresponding EDX-Fe and
EDX-Cr concentration maps, respectively, (i) the SEM micrographs from the Q&T sample after
polarization testing, (j) higher magnification SEM micrograph from the enclosed area in (i), and
(k and 1) the corresponding EDX-Fe and EDX-Cr concentration maps, respectively.
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5. Conclusions

In this study, the effects of different heat treatment processes, i.e. annealing and quenching &
tempering (Q&T) cycles, on the electrochemical stability of a WAAM fabricated 420 MSS were
investigated. The microstructure of the as-printed sample contained martensite laths with an
average lath size of ~2.5 um along with the delta ferrite phase. The annealed sample exhibited
islands of spherical chromium carbides embedded in a ferritic matrix, while the Q&T sample
showed intergranular carbides precipitated at the PAGBs, and sub-micron intra-lath carbides.
While the as-printed sample exhibited strong {001}<100> solidification texture, the annealed and
Q&T samples showed relatively weaker texture components, ascribed to the elimination of
solidification texture during phase transformations. The PDP and EIS testing revealed the
formation of a uniform passive film on the Q&T sample, while an active-like behavior was
observed for the as-printed and annealed samples. The higher corrosion potential and lower
corrosion current density of the Q&T sample consistent with its Nyquist’s larger capacitive loop
confirmed its better electrochemical response as compared to the other two samples. The corrosion
morphology of the samples after the PDP test revealed severe localized corrosion attack on the as-
printed sample, severe localized pitting on the annealed sample, and early stage of intergranular
corrosion at the PAGBs on the Q&T sample. The superior corrosion response of the Q&T sample
was attributed to the formation of intra-lath M3C type carbides with similar chemical composition

to the matrix and lack of sensitized regions on its surface.
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Chapter 6

Microstructural Evolution and Electrochemical Performance of the
Interfacial Region between a Wrought and a Wire Arc Additive

Manufactured 420 Martensitic Stainless Steel’

Preface

The original version of this manuscript has already been submitted to the Journal of Materials
Characterization. I am the first and the corresponding author of the current work. In this chapter,
along with my colleagues, Dr. Ali Nasiri, Alireza Vahedi Nemani, and Mahya Ghaffari, I
characterize the microstructure and electrochemical performance of the interface between a
wrought and wire arc additively manufactured 420 martensitic stainless steel. I was responsible
for preparing methodology, experimental testing, result gathering, and drafting of the original
manuscript. Subsequently, I revised the paper based on my colleagues’ initial comments and peer
review process feedback. The co-authors contributed to the conceptualizing, project

administration, supervision, and review & editing of the manuscript
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Abstract

In this study, the interfacial microstructure and corrosion resistance between a wrought-
AISI420 substrate plate and a wire arc additive manufactured 420 stainless steel were studied.
Formation of four distinct microstructural regions, including (i) far heat-affected zone (HAZ), (ii)
close HAZ, (iii) partially melted zone (PMZ), and (iv) fusion zone was disclosed following the
characterization of the interfacial bonding region. In the as-printed sample, the formation of
chromium-depleted regions adjacent to the residual delta ferrite phase led to the occurrence of
localized corrosion attacks, remarkably diminishing the electrochemical stability of the alloy. The
electrochemical response of the interfacial bonding region revealed intense degradation close to
the PMZ and fusion zone, potentially ascribed to the formation of several distinctive
microstructural regions with high susceptibility to localized corrosion attacks in the interface of
the aforementioned regions. The onset of localized corrosion attack in the interfacial bonding
region was mostly initiated along the primary austenite grain boundaries (PAGBs), where
segregation of chromium carbides was detected. Compared to the as-printed and interfacial
bonding samples, the substrate alloy exhibited a better electrochemical response ascribed to the
absence of susceptible regions to localized corrosion attack, leading to the formation of a

continuous protective passive film on its surface.
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1. Introduction

Repair and restoration as a value-adding strategy have been extensively implemented to broaden
the in-service life cycle of components in the automotive, maritime, and aerospace industries [1].
These restoration policies assure the reversion of a used or even failed component to its initial
service performance with minimum waste of material and maximum efficiency rate [2].
Conventional repair and restoration techniques involve remanufacturing of failed parts by the
adoption of localized arc or laser-based welding and pinning processes to cover the cracked or
failed surfaces [3]. Automated restoration techniques, such as state-of-the-art additive
manufacturing processes, are foreseen to be a fast-growing alternative to manual methods [4]. This
adoption can be further promoted and accelerated by the incremental growth in raw materials
consumption within the last two decades, which is becoming an alarming threat for the supply
chain management of non-renewable resources [5]. Moreover, the recent novel Covid-19 outbreak
has extensively influenced the global supply chain for the manufacturing section, arising a need
for on-site manufacturing and remanufacturing methods as an alternative production technique and

repair strategy for unprecedented situations and the post-Covid-19 era [6].

Metal additive manufacturing (AM) technology, as a resilient fabrication method for in-
house production, can facilitate fabricating complex metal parts with high accuracy and low
manufacturing waste rate [7]. As a fast-growing metal 3D-printing method, wire arc additive
manufacturing (WAAM) can produce large-scale near-net-shape components by implementing
plasma or electric arc as the heat source and metal wire as the feedstock material [8]. Hitherto, a
variety of feedstock materials have been adopted for fabrication through the WAAM process,

including aluminum, titanium, steel, copper, brass, and nickel alloys [9]. Among ferrous alloys,
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the fabrication feasibility of multiple grades of austenitic stainless steels, duplex steels, as well as

martensitic stainless steels (MSSs) has been proven [10—-13].

WAAM can also be employed as an on-site repairing and remanufacturing technique for
parts exposed to in-service malfunctioning [14], leading to an extended service life span of the
parts [15]. Through the implementation of the WAAM process as a restoration technique,
controlling the exposed complex thermal cycles associated with the process and prevention of the
inhomogeneities and anomalies formation at the interfacial bonding between the substrate and the

deposited layers are of great importance [8].

420 Martensitic stainless steel (420 MSS), possessing high wear and corrosion resistance,
is widely used for plastic molding fabrication [16]. Frequent in-service failures have been reported
for the plastic molds ascribed to their harsh working environment and inherent manufacturing-
related defects [17]. Extending the service life of 420 MSS molding casts through their repair using
the WAAM process is a cost-effective alternative to the costly replacement of the defected molds
[15]. Although WAAM-420 MSS alloy is primarily characterized by having a martensitic lath
structure, meta-stable micro-constituents, such as undissolved carbides, residual delta ferrite, and
retained austenite, can also form in the as-printed structure of the alloy as a result of non-
equilibrium solidification and complex thermal history of deposited layers [18-20]. These
microstructural features can adversely impact the electrochemical response of the deposited layers
[19,21]. Controlling the heat input of the process, in particular through optimization of the
fabrication process parameters, has been proven to eliminate the residual delta ferrite constituents,
which are known to be susceptible sites to micro-galvanic corrosion attack, from the
microstructure of additively manufactured MSS components [19]. Further studies are required to

characterize the feasibility of controlling the formation of other non-equilibrium
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microconstituents, such as retained austenite and chromium carbides, at the interfacial bonding
region through the WAAM process without applying any extra post-fabrication heat treatment
cycle. On the other hand, complicated thermal exposure of HAZ, the formation of brittle
intermetallic particles at the interfacial region, and the electro-potential difference between the
substrate and the deposited layers can influence the electrochemical performance of the interfacial
bonding of the repaired 420 MSS parts by WAAM process [15,22]. Moreover, the formation of a
preferred crystallographic orientation through the manufacturing or solidification process can lead
to substantial variation in the crystallographic criteria, i.e., misorientation boundaries distribution,
lath size, grain size, and close-packed plane arrangement, significantly impacting the corrosion
resistance of the 420 MSS [16,23]. Hence, characterizing the microstructural evolution and
crystallographic orientation of the interfacial region between the 420 MSS substrate and WAAM

deposited layers is highly crucial.

Although a few studies have been conducted on the microstructure and corrosion
performance characterization of the as-printed 420 MSS parts fabricated via the WAAM process
[15,24], a comprehensive investigation on the adoption feasibility of WAAM technology as a
repair and restoration alternative for defected 420 stainless steel parts is lacking. Heretofore, no
study has been conducted to correlate the microstructural features and crystallographic orientation
of the metallurgical bonding between the wrought substrate and deposited WAAM-420 MSS with
its electrochemical response. In this paper, for the first time, the authors investigated the effect of
microstructural variations on the corrosion performance of the interfacial bonding between the
wrought-AISI420 MSS substrate and the additively manufactured layers. In addition, the corrosion

response of the interfacial region was compared with the wrought-AISI420 MSS and as-printed
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WAAM-420 MSS, and the governing factors controlling the overall corrosion performance were

discussed comprehensively.

2. Experimental procedure

2.1.Materials and fabrication process

In this study, a six-axis WAAM robot equipped with a gas metal arc power supply was adopted to
produce a wall-shaped part (~160x160x6 mm?) using an all-x scanning strategy and the optimum
process parameters presented in the authors’ previous work [18]. A standard AISI420 MSS
wrought plate was used as the substrate, and the feedstock material was a commercial ER420 wire
with a diameter of 1.14 mm. The nominal chemical compositions of the substrate and feedstock
wire are presented in Table 6.1. In order to control the temperature distribution through the
deposition process of each layer, an infrared-based closed-loop sensor was used to measure the
surface temperature of the last deposited layer, assuring the inter-layer temperature was constant
through the deposition process and adjusted to be 100+2.5°C. To prevent oxidation and
environmental contamination, Argon gas with 99.9% purity was used to shield the fusion zone
throughout the deposition process. The fabricated wall and the schematic illustration of the
deposition process are shown in Figure 6. 1a and 1b.

Table 6. 1. The nominal chemical compositions of the used materials in this study (wt.%).

Material C Cr Mn Si S P Ni Mo Cu V Fe
ER420 0.3 13 0.5 0.5 0.02 0-0.05 03 025 0.2 - Bal.
AISI420 0.15-046 12-14 03-1 0-1 0-0.04 0-0.05 - 0-0.1 - 0.3 Bal.
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Figure 6. 1. Schematic illustration of the 420 WAAM wall fabrication and subsequent sample
preparation steps for microstructural and corrosion analysis.

2.2 Microstructural characterizations

As shown in Figure 6. 1b, to characterize the microstructural features, different samples from the
as-printed part, interfacial bonding zone, and the wrought-420 MSS plate were cut, hot mounted,
and prepared through recommended grinding and polishing procedures for MSSs using a
Tegramin-30 Struers grinder and polisher, and then etched using Villella’s reagent for 20 s. The
optical microscopy (OM) characterization was performed using a Nikon-Eclipse 501 instrument.

For elemental composition analysis, and also to characterize the existence of different micro-
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constituents formed in the structure of each sample, an energy dispersive spectroscopy (EDS)
detector integrated into a scanning electron microscope (SEM) was applied. Electron Backscatter
Diffraction (EBSD) technique was used to characterize the crystallographic orientation of studied
samples herein using an Oxford Symmetry S2® detector with a step size of 0.5 pm and tilt angle
of 70°. To characterize the nature of formed secondary phases in more detail, X-ray diffraction
(XRD) technique was conducted at the angle range of 20°-100° and an accelerating voltage of 42

kV and the current value of 35 mA.

2.3.Electrochemical analysis

The same samples being prepared for microstructural characterizations were also used for
electrochemical analysis. The open-circuit potential (OCP), potentiodynamic polarization (PDP),
electrochemical impedance spectroscopy (EIS), and Mott-Schottky measurements were conducted
to examine the samples' electrochemical behavior in aerated 3.5 wt.% NaCl-solution at the ambient
temperature. As schematically shown in Figure 6. 1d, a standard three-electrode cell apparatus
containing a graphite rod as the counter electrode, the prepared 420 MSS samples as the working
electrode, and a saturated silver-silver chloride (Ag/AgCl) electrode as the reference electrode were
implemented. To investigate the electrochemical stability of the samples over a prolonged
immersion time, the OCP variations were monitored for 14 h. The PDP measurements were
conducted with a scanning rate of 0.1 mV/s commencing at -0.2 V versus OCP and the test was
interrupted at the current density threshold of 10 A.cm™. The EIS experiments were conducted
using a sinusoidal perturbation signal at the voltage value of 10 mV and frequency range of 100
kHz to 10 mHz. Mott-Schottky examinations were conducted at the scanning rate of 40 mV/step,

frequency of 1000 Hz, the amplitude of 5 mV, and ranging potential of —1000 to 1000 mV ag/agci.
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To validate the accuracy of the conducted electrochemical experiments, all tests for each condition

were repeated at least five times.

3. Results and Discussion

3.1.Microstructural characterizations

The SEM micrographs taken from the wrought-AISI420 MSS substrate at high and low
magnifications and their corresponding EDS elemental maps of iron, chromium, and carbon are
shown in Figure 6. 2a-2e. Chromium carbides were detected in both spherical and vermicular-
shaped morphologies (see Figure 6. la and 1b) and were generated through the annealing heat
treatment process of the substrate. Additionally, it can be noticed that carbides were formed both
along the grain boundaries (intergranular carbides) and embedded in the ferritic matrix
(intragranular carbides), as illustrated in Figure 6. 1b. The EDS elemental maps of the wrought-
420 MSS sample (Figure 6. 2c-2e) depict the chromium-rich nature of carbides, indicating
depletion in iron and enrichment in chromium and carbon.

The SEM micrograph images of the as-printed sample at low and high magnifications and
its corresponding EDS elemental maps are illustrated in Figure 6. 2{-2j. Formation of columnar
dendritic structure parallel to the building direction (Z-axis) and along the thermal gradient path is
observed for the as-printed sample, as shown in Figure 6. 2f. The microstructure of the as-printed
sample consists of a relatively high-volume fraction of residual delta ferrite (DF) phase (~20%)
embedded in a fine lath martensitic structure. Due to the high cooling rate and non-equilibrium
nature of solidification during the WAAM process, the metastable martensitic structure was formed
in the as-printed alloy. Likewise, the stability of residual delta ferrite phase at the ambient
temperature (see Figure 6. 2f and 2g) is attributed to the disturbance of highly time-dependent
(diffusion-controlled) transformation of delta ferrite phase to austenite at ~1400°C, analogously
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caused by the high cooling rate during solidification [8]. Furthermore, the high chromium content
of 420 MSS (~13 wt.%) as a ferrite stabilizing alloying element (see Figures 6. 2i and 2j) can
promote the stability of residual delta ferrite at room temperature [25]. It should be noted that the
formation of delta ferrite phase with higher chromium concentration (~16%) compared to the
matrix can lead to chromium depletion in the areas adjacent to the delta ferrite/matrix interface
(with Cr content < 11 wt.%), confirmed by the EDS line scanning results measured across the delta

ferrite phase in the as-printed sample in Figure 6. 2j.
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Figure 6. 2. SEM micrographs of the wrought-420 MSS substrate at (a) low magnification (b)
high magnification showing the existence of intergranular and intragranular chromium carbides
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along with its corresponding elemental maps indicating the concentration of (c) iron, (d)
chromium, and (e) carbon, (f) SEM micrograph of the as-printed 420 MSS sample at low
magnification, (g) high magnification along with its corresponding elemental maps showing the
concentration of (h) iron, (i) chromium, and (j) EDS elemental line scanning showing the Cr
concentration across the delta ferrite phase.

The low magnification optical micrograph of the interfacial bonding zone between the
wrought-420 MSS substrate and deposited WAAM-420 alloy (see Figure 6. 3a) indicates the
formation of four distinct regions, i.e., fusion zone, partially melted zone (PMZ), close heat-
affected zone (HAZ), and the far HAZ. The formation of different zones with distinct
microstructural features can be attributed to different thermal histories experienced by each zone.
High magnification SEM images from the entire HAZ (see Figure 6. 3b-3e) imply the formation
of two distinct sub-zones, i.e., the area close to the fusion zone with higher thermal exposure (close
HAZ) and the region far from the fusion zone with less thermal exposure (far HAZ). Due to the
higher thermal exposure, the close HAZ experiences a temperature raise up to the austenite
stability region for 420 MSS alloy (~1100-1350°C) followed by fast air cooling, leading to the
formation of martensitic structure in the matrix (see Figure 6. 3c) and partial dissolution of pre-
existing carbides into the martensitic matrix [15]. Contrarily, the far HAZ consists of a ferritic
matrix structure due to the lower thermal exposure and lower temperature-rise (~600—1000°C)
during the WA AM deposition process, hindering the partial transformation of ferrite to austenite
in the matrix. The temperature rise during the deposition of initial layers can facilitate the
nucleation and growth of new carbides in the far HAZ region while pre-existing carbides remain
undissolved due to the short exposure time to the high temperatures. This leads to a higher volume
fraction of chromium-rich carbides in far HAZ compared to the wrought-420 MSS substrate [15].
A relatively thin PMZ was formed (see Figures 6. 3a and 4a), where thermal exposure was high

enough to reach the stability region of delta ferrite, austenite, and liquid, expected to be in the
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range of ~1350-1450°C according to the pseudo-binary phase diagram of 420 MSS alloy [26].
Accordingly, PMZ consists of the martensitic matrix with a high-volume fraction of residual delta
ferrite phase, retained austenite, and fine chromium carbides, as shown in the SEM micrographs
of PMZ at higher magnifications (see Figure 6. 4b-4g). Formation of fine chromium-rich carbides
(see Figures 6. 4b and 4c) in PMZ is attributed to the partial dissolution of large undissolved
carbides during the deposition of the first WAAM-420 MSS track and also subsequent nucleation
of finer carbides through the recurrence of heating and cooling cycles by the deposition of next
WAAM tracks [16]. The complete transformation of the delta ferrite phase to the austenite is
hindered due to the rapid cooling experienced in PMZ. Moreover, dissolution of the pre-existing
chromium-rich carbides at elevated temperatures and segregation of chromium as a ferrite
stabilizer element at PMZ can facilitate the formation of the delta ferrite phase at the ambient
temperature [24,27], as shown in Figures 6. 4d and 4e. The stabilization of the austenite phase at
the ambient temperature (retained austenite formation) in PMZ (see Figure 6. 4g) is related to the
localized increase in the chromium and carbon content in this region as a result of the dissolution
of pre-existing chromium-rich carbides, decreasing the martensite start (M;s) temperature and
promoting the stability of retained austenite at room temperature [24]. It is worth noting that the
primary austenite grain boundaries (PAGBs) are also discernible in PMZ, as shown in Figures 6.
4d and 4g. PAGBs are formed through rapid austenitization, while the precipitation of chromium
carbides along the PAGBs (see Figure 6. 4g) occurs during the recurring heating and cooling cycles

associated with depositing the subsequent layers [8].
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Figure 6. 3. (a) The OM micrograph of the interfacial region, (b) and (c) SEM micrographs of the
close HAZ, and (d) and (e) far HAZ.

The microstructure of the fusion zone consists of a martensitic structure, PAGBs, and inter-
dendritic residual delta ferrite phase (see Figures 6. 4h and 4i) generated along the building

direction parallel to the heat dissipation direction during the solidification.
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Figure 6. 4. (a) Low magnification SEM micrograph showing the transition from PMZ to the
fusion zone, and high magnification SEM micrograph of (b) PMZ consisting of chromium
carbides and (c¢) its corresponding elemental map, (d) SEM micrograph taken from a different
location of PMZ consisting of delta ferrite and PAGBs and (e) its corresponding elemental map,
(f) the formed retained austenite phase in PMZ, (g) the formation of carbides along the PAGBs,
(h) low magnification SEM micrograph of the fusion zone, and (i) high magnification SEM
micrograph from the fusion zone showing the formation of PAGBs and delta ferrite phase.
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The XRD patterns of the wrought-420 MSS substrate, as-printed sample, and interfacial
bonding zone are illustrated in Figure 6. 5. The XRD spectra of the 420 MSS substrate depicts the
BCC phases at (110), (200), (211), and (220) planes along with some low-intensity peaks for
chromium-rich carbides of M23Cs and M7C3, confirming the observation of the carbides embedded
in the ferritic matrix from the SEM micrographs of the wrought-420 MSS. Through the post-rolling
annealing heat treatment of the wrought-AISI420 MSS, the retained austenite phase can be
removed from the microstructure of conventionally hot-rolled sample via the diffusional
segregation of carbon element from the austenite phase to the matrix [16,28]. The BCC peaks at
(110), (200), (211), and (220) planes are observed for the as-printed sample along with a high-
intensity austenitic phase (y) peak at (111) plane in addition to the low-intensity peak of austenite
phase at (200) plane. Presence of high density (111), phase is in good agreement with the
observations from the SEM micrographs of the as-printed sample (Figures 6. 2f and 2g),
confirming the formation of high volume fraction of retained austenite due to recurrence of heating
and cooling cycles through the WAAM deposition process and the existence of a significant
amount of carbon as an austenite stabilizer element in the deposited sample [12]. It is notable that
a slight change of lattice parameters between the delta ferrite and martensite phases (10-10" nm)
made it impossible to differentiate between these two phases using the XRD data [12]. The XRD
spectra of the interfacial region exhibit formation of the same FCC peaks at (111)yand (200), along
with two new austenite peaks at (220), and (311),, while the existence of the martensitic/ferritic
peaks are observed at (110), (200), (211), and (220) planes as well. The Rietveld method [29],
based on the whole pattern fitting (WPF) procedure, was used to calculate the volume fraction of
the formed austenite phase. The obtained volume fraction of the retained austenite phase [29] for

the as-printed sample and interfacial bonding region were found to be 15%=+0.1 and 23%=0.1,
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respectively. Existence of higher-intensity peaks of (111)y and (200),, and new peaks of (220)y,
and (311)y planes in the interface sample are attributed to the formation of the high-volume fraction
of retained austenite phase in PMZ.

The XRD spectra results can be used to calculate the dislocation density defined as the length
of dislocation lines per unit volume (denoted by 0) for the observed martensitic phases by applying

the following equation [30]:
§== (1)
where L is the crystal size and can be calculated using two different approaches, i.e., Scherrer and

Cauchy equations [31].

Scherrer equation shall be used to calculate the average grain diameter (crystal size) [31]:

DA
L= B cosf (2)

where D is the unity shape factor, L is the crystal size, 8 is the Bragg angle, £ is the breadths of the
same Bragg peak from the XRD spectra, and A is the X-ray wavelength (for Cu-K, radiation =

1.54056 A).

For the Cauchy approach, it is assumed that the crystal size (L) and lattice strain (e) follow

a linear pattern as follows [32]:
p cosO = %+ 4e sinf 3)

The average grain diameter (crystallite size) can be calculated from the slope of the § cosf versus
sinf graph and the ordinate-intersection of the developed Cauchy equation. Table 6. 2 presents the
modeled dislocation density values, using the Scherrer and Cauchy equations based on the XRD

spectra data for the (110), (200), (211), (220) intensity peaks. Expectedly, the as-printed and
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interface samples seem to contain a higher dislocation density compared to the wrought-420 MSS,
attributed to the existence of martensitic matrix with highly strained structure, which can
significantly promote the dislocation formation in the as-printed and interface samples [33]. The
interface sample possessing higher volume fraction of ferritic phase with strain-free structure in the
HAZ was characterized with a lower dislocation density as compared to the fully martensitic as-

printed sample [33,34].
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Figure 6. 5. The XRD spectra results of the wrought-420 MSS, as-printed, and the interface
samples.
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Table 6. 2. The obtained dislocation density (&) values for the substrate, as-printed, and the
interface samples.

&/1.nm2 (Scherrer) 3 /1.nm? (Cauchy)
Sample

(110) (200) (211) (220) (110) (200) (211) (220)

Wrought-420 MSS 0.003 049 0.01 0.003 0.03 0.54 0.01 0.003

As-printed 0.02 156 042 0.012 002 1.56 042 0.012

Interface 0.01 128 033 0.005 001 123 031 0.005

3.2.Crystallographic orientation characterization

The inverse pole figure (IPF) maps for the wrought 420 MSS and as-printed samples with
superimposed grain/lath boundaries maps are shown in Figures 6. 6a and 6b, respectively. The IPF
map of the wrought-420 MSS substrate (Figure 6. 6a) depicts an equiaxed and relatively coarse
grain structure (average grain size ~ 8§ um). Unlike the wrought-420 MSS substrate, the IPF of the
as-printed sample (see Figure 6. 6b) shows a fine martensitic lath structure (lath size < 3 pm),
formed within the coarse primary austenite grains (average size ~ 50 um). Figures 6. 6¢ and 6d
demonstrate the phase map distribution for the wrought-420 MSS substrate and as-printed samples.
The wrought-420 MSS shows a dominant volume fraction of BCC phase (~99%) with no FCC
structure formed, attributed to the presence of a ferritic matrix. On the other hand, the as-printed
sample was characterized by a high-volume fraction of FCC phase (~15%) alongside the BCC
phase, corresponding to the formed retained austenite phase in the as-printed sample and in good
agreement with findings from the XRD spectra. Grain boundaries misorientation maps for the
wrought-420 MSS and as-printed WAAM-420 samples are shown in Figures 6. 6e and 6f,

respectively.
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Figure 6. 6. (a) and (b) IPF maps for the wrought-420 MSS and as-printed WAAM-420 samples,

(c) and (d) their corresponding phase maps, (e) and (f) their corresponding grain boundaries
misorientation maps, respectively.
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Figure 6. 7a-7c show the IPF, phase map, and grain boundaries misorientation map for the
interfacial bonding region, distinguishing close HAZ, PMZ, fusion zone, and subsequently
deposited tracks of WAAM-420. As shown in Figure 6. 7a, a fine lath structure was formed in
PMZ region (average lath size < 3 um), while a coarser lath martensitic structure (average lath size
~ 10 um) confined within the PAGBs is noticed in the fusion zone. Moreover, the formation of the
high-volume fraction of FCC structure (retained austenite phase) is confirmed in PMZ as shown
in Figure 6. 7b, which is in good agreement with the obtained XRD spectra and SEM micrographs
from the interface sample. Interestingly, the fusion zone adjacent to PMZ is showing the
dominance of BCC structure (martensite phase) with low volume fraction of FCC structure,
correlated to the high cooling rate of the first deposited layer due to the high heat dissipation
through the substrate during its solidification. The formation of a high-volume fraction of retained
austenite (FCC structure) is also observed in the subsequently deposited layers, confirming the
observed XRD results for the as-printed sample. The formation of highly populated but fine
austenite phase in PMZ (see in Figure 6. 7b) is ascribed to the nucleation of the austenite grains
on the high angle boundaries of the primary austenite grains through heating cycles associated
with the deposition of the subsequent layers [22,35]. It should be mentioned that the martensitic
lath structure possesses a hierarchical pattern with martensite blocks and packets surrounded by
PAGBs [36]. After the deposition of the first track, an untempered martensitic structure forms in
PMZ adjacent to the fusion zone, introducing a high density of high angle grain boundaries as the
PAGBEs, packet boundaries, and block boundaries. Through the deposition of the next tracks, the
new austenite grains nucleate at the high angle boundaries, specially PAGBs. As the number of

deposited tracks increases, the recurring heating cycles lead to the formation of more nucleated
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austenite grains at the prior martensitic structure, resulting in a finer austenitic structure in PMZ
[22,37].

Figure 6. 7d shows the distribution of LAGBs, medium angle grain boundaries (MAGBs), and
HAGBs for the wrought-420 MSS substrate, the as-printed, and interface samples. As can be seen,
the wrought-420 MSS sample exhibits a noticeably higher fraction of HAGBs and a lower fraction
of LAGBs as compared to both as-printed and interface samples. In particular, the fraction of
LAGBs for the as-printed and interface samples are 50% and 57%, respectively, while this fraction
reduces to 11% for the substrate. Generally, lath boundaries are considered as LAGBs [22,38].
The higher fraction of LAGBs for both the interface and as-printed samples is related to the
formation of martensitic lath structure possessing low angle boundaries (<5°) as lath boundaries

[38].
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Figure 6. 7. IPF of the interfacial region and its corresponding (b) phase map and (c) grain
boundaries misorientation map, and (d) statistical distribution of misorientation angles for all
samples.

The pole figures (PFs) of the substrate, as-printed sample, and the interfacial bonding region
(at PMZ and fusion zone) for {100}, {110}, and {111} planes are illustrated in Figure 6. 8a-8e.
The PF of the substrate (see Figure 6. 8a) exhibits a weak texture (maximum intensity of ~2.16
MUD), ascribed to the dislocation annihilation and grain recrystallization of wrought-420 MSS
through the annealing process. Recrystallization through the annealing process is the main reason

for higher fraction of HAGBs and low fraction of LAGBs for the wrought-420 MSS as well.
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Contrarily, the as-printed sample shows a strong {100} solidification texture (maximum intensity
of ~7.72 MUD), formed through the directional solidification aligned with the thermal gradient
and building direction [39]. The PFs of PMZ for both BCC and FCC phases (Figures 6. 8d and 8e)
exhibit relatively weaker texture than those of the as-printed sample, ascribed to the complex
thermal history of the region with successive tempering effect from subsequent heating cycles by
the next layers’ deposition, leading to the formation of fine carbide precipitates, nucleation of new
non-directional austenite grains, and random distribution of delta ferrite phase throughout the
region [18,24]. According to the obtained PF maps shown in Figure 6. 8, the crystallographic
orientation relationship between the parent primary austenite phase (y) and the formed final
martensite phase (¢) in both as-printed sample and PMZ of the interface sample can be defined as
follows [36,40]:

{111}, /{110}4 <110 >, //< 111 >4 4)
This orientation relationship is known as of the variants of the Kurdjumov—Sachs (K-S) orientation

relationship [36].
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Figure 6. 8. The PFs of the BCC and FCC phases taken from: (a) the substrate, (b) and (c) as-
printed sample, (d) and (¢) PMZ in the interfacial bonding zone.
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Figure 6. 9a-9f illustrates the orientation distribution function (ODF) maps at ¢,=45° along
with the detailed crystallographic direction and plane of each observed component associated with
their corresponding 3D plots. The wrought-420 MSS substrate exhibits weak {111}<110> and
{011}<111> texture components (Figures 6. 9a and 9b), while the as-printed sample shows strong
dominancy of preferential columnar {111}<110> texture component with the maximum intensity
of 11.24 (see Figures 6. 9c and 9d). The interfacial bonding region depicts noticeably weaker
columnar solidification texture at {111}<110> as compared to the as-printed sample, which agrees
with the PF results.

The severity of the major texture components can be calculated using the J-index value as an
alternative approach. A complete random crystallographic orientation is characterized by a J-index
value of one, while the higher values of J-index close to infinite value present the existence of
strong texture components close to single crystal material [39]. The J-index value, possessing a

dimensionless nature, can be calculated using the following equation [39]:

j—index = [ f (9)*dg )
where f (g) is the ODF density at the orientation of g. Also, the variation in orientation (dg) can be

estimated using the following equation [39]:

sing

d, = d(p1d¢dq)zy (6)
where ¢1, ¢, and ¢z are the Euler angles, characterizing the crystallographic relationships in a
coordinate system. Hence, the J-index values can be correlated to the maximum textural intensity
values in the PFs. Higher values of J-index present the existence of the strong dominant textural
component with higher intensity of PF. Moreover, the J-index can assess the preferential
orientation in a quantitative manner through the material [39]. The calculated J-value for the

wrought-420 MSS was 2, while it increased up to 3.17 for the interfacial bonding region sample
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and up to 13.25 for the as-printed sample, indicating significantly stronger texture formation in the

as-printed sample.

0.00

3.92

0.00

11.24

0.00

2.69

Figure 6. 9. The orientation distribution function (ODF) maps at ¢>=45° and their corresponding
3D-plots for (a) and (b) the wrought-420 MSS, (c) and (d) as-printed, and (e) and (f) the interface
samples.
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3.3.Corrosion Results

3.3.1. Open circuit potential and potentiodynamic polarization (PDP) response results

The monitored OCP values, and the PDP experiments results for the wrought-420 MSS substrate,
interface, and as-printed samples are respectively shown in Figures 6. 10a and 10b. The interface
sample exhibited a lower OCP value, as compared to the as-printed and the wrought-420 MSS
samples, suggesting its higher corrosion susceptibility and lower electrochemical stability. Severe
fluctuations were observed in the OCP values of the as-printed sample at the initial immersion
time up to 2x10*s, potentially related to the localized attack occurrence on the surface of the
sample [24]. Several drop-offs were also observed through the OCP monitoring for the wrought-

420 MSS, ascribed to continuous metastable pitting on the sample’s surface [26].
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Figure 6. 10. (a) The OCP values versus time and (b) PDP graphs.
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The PDP tests were run following the OCP tests to examine the corrosion performance of the
samples in aerated 3.5 wt.% NaCl-solution at 25°C, as shown in Figure 6. 10b. Table 6. 3 depicts
the obtained electrochemical parameters from the PDP experiments. The PDP curve of the wrought
420 MSS sample showed a passive behavior with a distinct breakdown potential, while an active-
like behavior, characterized by a rapid increase of the current density at the anodic branch for
potentials higher than corrosion potential (E>Ecorr) with no clear breakdown potential, was detected
for the as-printed and interface samples. This active-like behavior possibly indicates the constant
occurrence of the localized corrosion attacks, hindering the formation of a stable passive film on
samples’ surfaces. The metastable pitting occurrence was also observed in the anodic branch (see
Figure 6. 10b) for the wrought 420 MSS sample [26]. The interfacial bonding sample exhibited
lower Ecorr and higher corrosion current density (icorr) values as compared to the as-printed and
wrought-420 MSS samples, suggesting its higher electrochemical susceptibility and lower
corrosion resistance, in agreement with the observed OCP trends.

Table 6. 3. The corrosion parameters obtained from the PDP graphs.

Ecorr icorr ip Epit
(mVagagc) (A em?) (A em?)  (mVagagc)
Wrought-420 MSS ~ -293+12  0.214+0.04 8.256+0.04 123415

As-printed -358+15  0.4440.03 - -
Interface -396+13  0.51+0.04 - -

3.3.2. EISresults

Sample

To assess the long-term integrity and protectiveness of the formed passive layer on the surface of
wrought-420 MSS, as-printed WAAM-420 MSS, and interfacial bonding region samples, EIS
experiments were performed in aerated 3.5% NaCl-solution at 25°C. To examine the stability of
the formed passive film for different samples, the EIS results after 1h of immersion time were
compared with those conducted after 5-days of immersion time. The obtained Bode plots and

Nyquist diagrams after 1h and 5-days of immersion time are demonstrated in Figure 6. 11a-11d.
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The ohmic drop at high frequencies on the Bode plots corresponds to the low electrolyte resistance
values, whereas the absolute impedance values at low to medium frequencies represent the
integrity of the passive film on the surface of the samples. At both immersion times of 1h and 5-
days, the wrought-420 MSS sample is showing noticeably higher absolute impedance value at
medium and low frequencies (see Figure 6. 11a and 11c¢) as compared to the as-printed WAAM-
420 and interface samples, indicating significantly slower kinetics for the corrosion reactions on
the surface of the wrought-420 MSS substrate. Extremely smaller capacitive semi-circle radius of
Nyquist plots for the interface and as-printed samples, compared to the large capacitive radius of
the wrought-420 MSS sample at both immersion times of 1h and 5-days (see Figure 6. 11b and
11d), also confirm the less stable and protective nature of the passive film on the surface of the
interface and as-printed samples [41], in harmony with the observed OCP and PDP trends. A
significant decrease in the absolute impedance values at medium and high frequencies for Bode
plots, and also significant reduction on the capacitive semi-circle radius for all samples immersed
for longer time (5-days), compared to the samples immersed for 1h, is ascribed to the dissolution
of passive film into the electrolyte solution, decreasing the electrochemical resistance over the time
[16,41].

The phase angle diagram of the wrought-420 MSS sample exhibits two wide individual peaks
in the range of —60° to —80° after 1h of immersion time (Figure 6. 11a). The first peak is attributed
to the impact of passive layer sealing at higher frequencies and the second one represents diffusion
through the susceptible regions to the localized corrosion and the double-layer capacitance at
medium and lower frequencies [24]. The same trend is observed for the as-printed sample after 5-

days of immersion time, while other samples are showing wide phase angle peaks over the varying
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frequencies, potentially attributed to the superposition of two distinct peaks possessing two non-
discriminating time constants [24].

To elucidate the passive layer characteristics formed on each sample in a quantitative way, a
simplified equivalent circuit (SEC), as shown in Figure 6. 11e, was utilized to fit the experimental
EIS results. The modeled data are also reflected on the Bode and Nyquist plots (Figure 6. 11a-11d).
In the applied SEC model, R represents the resistance of the solution, CPE, and R, correspond to
the capacitance and the resistance of the passive film, CPEq and R represent the double layer
constant phase element (CPE) and its charge transfer resistance, respectively [28].

The absolute impedance value of the constant phase element can be determined by the
following equation:

Zcpe = [Q(iw)"] ™ (7)
where Q is the CPE constant, ® is the angular frequency, n is the dispersion coefficient of
the constant phase element, and i is an imaginary unit (i = —(1)"?) [24].

Table 6. 4 presents the deducted electrochemical parameters from the EIS experiments. The
as-printed and interface samples after both immersion times of 1h and 5-days exhibited noticeably
lower charge transfer resistance and higher double-layer constant phase element values as
compared to those of the wrought-420 MSS, affirming less protective nature of their passive film
against localized corrosion attacks. Lower R, and R¢t values for samples immersed for 5-days
compared to the samples immersed for 1h reveal the deterioration of the passive layer’s
electrochemical stability over time [42].

At both immersion times, lower R values were observed compared to their corresponding Ry,

values (Rp>R) for the as-printed and interface samples, confirming the active-like behavior of the
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exposed samples’ surfaces, while higher charge transfer resistance values than the passive film
resistance (Rp<Rct) was detected for the wrought-420 alloys, indicating its clear passive behavior.
The thickness of the passive layer can be estimated by a mathematical model developed by
Hirschorn et al. [42]. In this model, the effective capacitance (Cep) is determined using the
following equation [42]:
Cerr = gQ(psgoe)'™ (8)
where g is a function of n (g = 1 + 2.88(1 —n)?37%), ps is the maximum resistance of the
passive layer, &pis the vacuum permittivity (8.854 x10'* Fem ™), and ¢ is the passive film dielectric
constant (~15.6 for Cr.03) [18,43]. After calculating the effective capacitance, the thickness of
the passive film can be found by applying the following equation [16,41]:
£g0A

L. =
SS Ceff

)
where 4 is the surface area of the exposed samples to the corrosive electrolyte. The fitted effective
capacitance and passive film thickness values are presented in Table 6. 5. The passive film
thickness for the as-printed and interface samples is significantly lower than that for the wrought-

420 MSS sample, well-aligned with the attained electrochemical analysis results in the current

study.
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Figure 6. 11. The Bode and Nyquist plots of samples after (a) and (b) 1h, (c) and (d) 5-days of
immersion time, (e) the used equivalent circuit fitted to the EIS data.

236



Table 6. 4. The deducted electrochemical parameters from the EIS experiments and the applied

model.
Immersion Sample R CPE, nm Ry CPEa m R Z 2
Time Qem?) Qlem- Qem?) Q'lemr (Qcm?) £
an) an)
As- 3.54 1.75x10° 0.89 1.40x10* 1.33x10° 0.88 1.89x10%> 1.27 x
printed 4 4 107
Interfacial 3.56 6.82x10° 0.96 2.60x10* 5.74x10° 0.94 1.93x10° 1.64 x
1h : 5 5 -5
bonding 10
Wrought-  3.58 9.27x10° 0.94 1.19x10*> 2.62x10° 0.86 1.90x10° 1.62 X
420 MSS 6 3 107
As- 3.54 9.94x10° 0.89 6.04x10° 1.83x10° 0.83 1.03x10*> 1.52 x
printed 4 4 10°°
5-Days Interfacial 3.58 423x10° 0.88 1.74x10° 1.25x10° 0.84 1.24x10° 1.47 x
bonding 4 3 107
Wrought-  3.65 8.24x10° 0.87 1.12x10> 2.71x10° 0.98 7.5x10° 1.25 x
420 MSS 3 2 10°°

Table 6. 5 The effective capacitance (C.p) and passive film thickness (Lss) calculated for each
sample at different immersion times.

Immersion Time Sample (Ff;flf-Z) (II;::])
Wrought-420 MSS substrate  1.23x107°  62.34
1h as-printed 6.52x10*  0.52
interface 6.97x10*  0.48
Wrought-420 MSS substrate  5.63x10°  34.46
5-Days as-printed 8.24x10*  0.25
interface 9.69x10* 0.21

3.3.3. Mott-Schottky analysis

Mott-Schottky measurements were conducted to characterize the semi-conductive characteristics

of the samples in the applied electrolyte. Mott-Schottky plots for the 420 MSS substrate, as-

printed, and the interfacial region samples are shown in Figure 6. 12a-12c. Based on the Mott-

Schottky equation, the applied potential value (£) and the measured electrode capacitance (C) are

correlated as follows [44]:

1 1 1 1 2

€2 Ch C% CH  eNgeg

kT
(E = Epp — =)
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where Cy is the Helmholtz capacitance, Csc is the space charge capacitance of the passive film, e
is the electron charge (1.6 x 10°'° C), N, is the doping density, ¢ is the relative dielectric constant
for the passive layer (¢ = 15.6 for martensitic stainless steel), &, is the vacuum permittivity, & is
Boltzmann’s constant (8.16 x 107 eV/K), Erp is the flat band potential, and T is the absolute
temperature. The linear portion of C?2 vs E graph can be used to calculate the N, and Ers by

implementing the intercept and slop technique and by considering the k77e value close to zero [44].

Three distinct zones with different slopes were detected from the Mott-Schottky graphs for the
studied samples. The left zone with a negative slope possesses p-type semiconductor behavior in
which the major defect formation factor in the passive film is the cation vacancies [45]. The formed
oxide layer through the p-type semiconductor zone for martensitic stainless steel is primarily
chromium oxide (Cr203), which contains a higher number of holes in the valence band of the oxide
film as compared to the number of electrons in the conduction band [16,46]. The middle region
with a positive slope possesses n-type semiconductor behavior, in which major defect formation
factors in the passive film are oxygen vacancies and interstitial cations [46] . Based on the electron
band theory, it can be inferred that the formed oxide layer through the n-type transition for a 420
MSS alloy is considered to be an iron oxide (Fe2O3), since the number of the holes in its valence
band is less than the number of electrons in its conduction band. For martensitic stainless steels
possessing a high content of iron and chromium, it is frequently reported that the observed duplex
semiconductor behavior is caused by the formation of an internal chromium oxide passive film
with p-type behavior containing metal vacancies as acceptor states, along with an external iron
oxide passive layer, possessing n-type semiconductor characteristics, which contains oxygen
vacancies as donor states [16]. The region with the negative slope on the right side of the curve

where E > 0.2 V is attributed to the formation of an inversion layer where no reasonable
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relationship can be correlated between the semiconductor behavior and charge carriers due to the
high density of holes in the valence band [24,44].

The calculated donor density (Np) and acceptor density (Na) values, using equation 6 and the
slope of the M-S curves for the wrought-420 MSS, as-printed WAAM-420 MSS, and interfacial
bonding regions are shown in Figure 6. 12d, where only a single donor level was identified.
Although the obtained Np and Na values with the order of 10!'7-10'® cm™ in magnitude imply the
existence of severely disordered passive layer on all samples’ surfaces, significantly higher donor
and acceptor density values were observed in the interfacial bonding region followed by the as-
printed sample, while the Np and Na values were the lowest for the wrought-420 MSS substrate.
The stability of the passive layer is highly disturbed by the high donor and acceptor density due to
the significant increase in the occurrence of the electrochemical reactions at the metal/passive film
interface [16,44,45]. Higher Np is also a major sign of increased susceptibility for the pitting
nucleation and localized attack initiation on the sample’s surface, due to the increased adsorption
affinity of chloride ions in the passive layer [47]. Thus, the passive film of the interfacial bonding
and as-printed samples potentially can have easier chloride ions adsorption, and simultaneously
this can accelerate the reaction between oxygen vacancies in the passive film and chloride ions

[47].

As discussed earlier, the dislocation densities of interfacial bonding region and as-printed
WAAM-420 MSS samples were estimated to be significantly higher than that of the wrought-420
MSS sample after the process-induced martensite transformation through WAAM, as summarized
in Table 6. 2. Considering the M-S curves of the samples, in the WAAM-420 MSS, the doping
concentration significantly increases as a result of the formation of a highly strained martensitic

structure, which can also reflect on the susceptibility to localized corrosion attack [48]. As
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suggested by the point defect model, the cation vacancies’ formation is commonly expected to
occur at the passive film/electrolyte interface, while oxygen vacancies and cation interstitials
generally nucleate at the interface of the passive layer and metal, which can initiate the severe

propagation of localized attacks and deterioration of the passive film [49].

Martensite formation-induced dislocations can potentially contribute to the formation of the

passive layer at the interface of the metal and passive film through the reaction below [50]:
M+T—>M+2V;+xe’ (1D

where M represents the metal (420 MSS in this study), T is defined as the process-induced
dislocation formed at the interface of the metal and passive layer, e " is the transferred electron,

and V; is the oxygen vacancy. According to reaction (11), one mole of the dislocation formed

through the martensitic phase transformation herein, can produce g mole of oxygen vacancies at

the passive layer [48]. Hence, an increased dislocation density through the martensitic phase
transformation for the as-printed and interface sample can stimulate more oxygen vacancies in the
passive layer and break down the protective nature of the passive film [16]. Furthermore, the
diffusion-controlled process of vacancies transition into the passive layer can be facilitated by the
martensite-induced dislocations, acting as a supplementary factor for facilitating the deterioration

of the passive film formed on the interface and as-printed samples of WAAM-420 MSS [50].
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Figure 6. 12. The Mott-Schottky curves of the passive film formed on the (a) wrought-420 MSS
substrate, (b) as-printed sample, and (c) the interface sample, (d) the variations of the donor and
acceptor densities.

3.4.Electrochemical response interpretation

The correlation between the grain boundary energy (y45) and grain boundary misorientation angle

(0) can be explained by the Read-Shockley equation as follows [51]:

_ Ga#d
" 4n(1-0)

ng (A - ln@)

(12)
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where A is a constant approximately equal to 0.23, G is the shear modulus, ¢ is the Poisson ratio,
and a is the Burgers vector. This relationship confirms that the amount of energy stored in the
grain boundaries is highly dependent on the grain’s crystallographic misorientation degree. As
discussed in section 3.2, a high fraction of HAGBs was detected in PMZ and fusion zone of the
interfacial bonding region through the formation of the PAGBs and also nucleation of new
austenite grains through the cyclic heating while depositing the subsequent tracks of WAAM-420
MSS. The HAGBs formed in the austenite boundaries in the interface sample possess high energy
levels and are considered as easy paths for fast diffusion, deviating the grain boundary diffusivity
far away from bulk material’s diffusivity, further contributing to the deterioration of the passive

layer electrochemical stability [28].

Previous studies have confirmed that the corrosion performance of the wrought-420 MSS
alloy is highly related to the microstructural features, i.e., primary micro-constituents, secondary
phase formation, and particularly micro-galvanic coupling effect between the cathodic chromium-
rich carbides, such as M23Cs and M7C3, and anodic ferritic matrix [26]. The corrosion morphology
of wrought-420 MSS substrate after the PDP test revealed the nucleation (formation of micro-pits),
growth, and propagation of pitting (constant coalescence of the pits) at the susceptible regions to
pitting corrosion (see Figure 6. 13a and 13b). These pits were mostly located at the ferrite grain
boundaries (see Figure 6. 13b), where a high-volume fraction of chromium-rich carbides were
formed, making the matrix/intergranular carbide interface susceptible sites to chromium depletion
and pitting corrosion. The dissolution of the iron element from the surface through the PDP test
forms a Cr-rich zone along the initiated micro-pits’ periphery (see Figure 6. 13c and 13d). The
same micro-galvanic coupling effect can have a detrimental impact on the electrochemical

response of the as-printed WAAM-420 MSS sample, where non-equilibrium and chromium-rich
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residual delta ferrite phase (see Figure 6. 13e-13h) drains the chromium out of its adjacent
martensitic regions and act as the cathode, while the martensitic matrix/delta ferrite interface plays
the role of the anode, making the entire region susceptible to initiation of localized corrosion attack
(Figure 6. 13e-13h) [24]. The formation of high amount of the residual delta ferrite can intensify
the micro-galvanic coupling at the martensite/delta ferrite interface and significantly deteriorate
the electrochemical performance of the as-printed sample through localized corrosion attack

initiation [16].
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Figure 6. 13. (a) SEM micrograph of the wrought-420 MSS sample showing the corrosion
morphology after the PDP test, (b) SEM image at higher magnification showing a micro-pit
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initiation site, (¢) and (d) the elemental maps for iron and chromium, respectively, (e) and (f)
morphology of corroded as-printed sample after the PDP test, and (g) and (h) the corresponding
elemental maps for iron and combined iron and chromium, respectively.

SEM micrograph of interfacial bonding region after the PDP experiments is illustrated in
Figure 6. 14a. To characterize the corrosion onset and most susceptible sites to localized corrosion,
the PDP test has paused at corrosion current density value of 30 pAcm™. It is observed that the
localized corrosion onset occurs mostly at the PAGBs formed in PMZ and fusion zone. Higher
magnification SEM micrographs of both PMZ and fusion zone (Figures 6. 14b and 14e) illustrate
the intergranular corrosion initiated at the PAGBs, while sensitized regions are characterized by
the EDS elemental maps of iron and chromium elements (see Figure 6. 14c-14g). PAGBs
possessing high energy levels are susceptible regions to initiation of localized corrosion. As
discussed earlier, due to the complex thermal exposure associated with the deposition of successive
layers, new austenite grains can form through the high angle boundaries of PAGs, refining the
austenite structure in PMZ and fusion zone, and providing more susceptible zones to localized
corrosion attack. This can lead to severe deterioration of the electrochemical stability of the
interface region through the initiation of intergranular corrosion at the formed PAGBs and refined
austenite boundaries [52,53]. Moreover, the complex microstructural features in PMZ with a high
volume fraction of fine chromium-rich carbides and residual delta ferrite can intensify the micro-
galvanic coupling effect by introducing more susceptible regions with high chromium depletion
around the chromium-rich micro-constituents [16]. On the other hand, precipitation of fine
chromium carbides along the austenite grain boundaries can intensify the corrosion susceptibility
of these regions and shift the corrosion morphology towards intergranular corrosion (see Figures
6. 14b and 14d). The schematic illustrations of the corrosion mechanism and passive/active
characteristics for the wrought-420 MSS, as-printed, and the interfacial bonding samples are
shown in Figure 6. 15. As schematically illustrated, the active-like behavior of the interface and
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as-printed samples and the formation of intact passive layer on the wrought-420 MSS sample are
dictated by the mentioned microstructural features in each sample. Superior electrochemical
response and passive behavior of the wrought-420 MSS substrate are primarily attributed to the

elimination of the susceptible regions to localized corrosion attack, in particular the PAGBs.

sensitized
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deposited
tracks

fusion
zone

close HAZ : sensitized
/ region [N
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Figure 6. 14. (a) The low-magnification SEM micrograph of the interface region showing the
morphology of corroded zone after the PDP test, (b) SEM image at higher magnification from
the fusion zone, (c) and (d) the elemental maps for iron and chromium, respectively, (¢) SEM
micrograph of corroded PMZ, and (f) and (g) the elemental maps for iron and chromium,
respectively.
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Figure 6. 15. Schematic illustration of the corrosion morphology for the wrought-420 MSS, as-
printed WAAM-420 MSS, and the interface region.

4. Conclusions

In this article, the interfacial microstructure and corrosion response between a wrought-AISI420
substrate and a wire arc additive manufactured 420 stainless steel were correlated. The
electrochemical response of the interfacial region unveiled intense deterioration adjacent to the
partially melted zone and fusion zone, ascribed to the existence of a high fraction of primary
austenite grain boundaries (PAGBs) as susceptible sites to localized corrosion attack. The onset of
localized corrosion attack in the interfacial region was mainly initiated at the fusion zone and the

PAGBEs, due to the formation of chromium depleted zones at the interface of the PAGBs and the
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martensitic matrix. Severe deterioration of the corrosion performance for the as-printed WAAM-
420MSS was ascribed to the intensified micro-galvanic coupling effect at the delta
ferrite/martensitic matrix interface, while superior electrochemical response and the passive
behavior of the wrought-AISI420 substrate was correlated to the elimination of the susceptible

regions to localized corrosion attacks, i.e., PAGBs.

Data availability

The raw/processed data required to reproduce these findings cannot be shared at this time due to

technical or time limitations.
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Chapter 7

Electrochemical Performance of the Interfacial Region between an AISI 420
and a Wire Arc Additive Manufactured PH 13—-8Mo Martensitic Stainless

Steel®

Preface

The original version of this manuscript has already been prepared for submission to the Journal of
Additive manufacturing. I am the first and the corresponding author of the current work. In this
chapter, along with my colleagues, Dr. Ali Nasiri, Alireza Vahedi Nemani, and Mahya Ghaffari, |
characterize the microstructure and electrochemical performance of the interface between a
wrought 420 MSS substrate and wire arc additively manufactured PH 13-8Mo Martensitic
Stainless steel. I was responsible for preparing methodology, experimental testing, result
gathering, and drafting of the original manuscript. Subsequently, I revised the paper based on my
colleagues’ initial comments and peer-review process feedback. The co-authors contributed to the

conceptualizing, project administration, supervision, and editing of the manuscript
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Abstract

In this study, the electrochemical response of the interfacial region between an AISI 420
martensitic stainless-steel (MSS) substrate and a wire arc additive manufactured PH 13-8Mo MSS
part was investigated. The complicated thermal cycle through the deposition of the PH 13-8Mo
part led to the formation of distinct zones, including far heat-affected zone (FHAZ), close heat-
affected zone (CHAZ), partially melted zone (PMZ), and fusion zone (FZ) at the interfacial
bonding region. The formation of an austenitic structure with coarse grains was observed in the
PMZ and FZ. The corrosion performance of the interface sample was degraded significantly,
attributed to the formation of highly populated fine chromium-rich carbides. The corrosion onset
at the interface region was initiated at the carbide/matrix interface in the CHAZ and PMZ regions,
where chromium depleted regions adjacent to the carbides intensify the micro-galvanic coupling
effect. The corrosion resistance of the as-printed PH 13-8Mo sample was remarkably higher than
the 420 MSS and interface samples, supported by the formation of an intact passive film on the
samples’ surfaces. The formation of a uniform lath martensitic structure with low energy levels at
lath boundaries and the absence of metastable chromium-rich micro-constituents, such as carbides,
due to the low carbon content of the PH 13-8Mo MSS alloy, contributed to its superior

electrochemical performance.
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1. Introduction

Metal additive manufacturing (AM), also known as metal 3D printing, is a promising
alternative to conventional manufacturing for fabricating customized and highly complex metallic
components [1]. Considering the current disruption on the global supply chain for the
manufacturing sector, the AM processes can offer more versatile inventory management for the
post-Covid era by providing on-site manufacturing options and less material waste as compared to
the conventional fabrication methods [2,3]. Among various AM techniques, wire arc additive
manufacturing (WAAM) is considered a highly efficient AM method for the production of large-
scale metal components due to its high deposition rate (~3—-8 kg/h) [4]. WAAM can also be
implemented for rapid restoration and remanufacturing of defected or even failed components
[5,6]. In the WAAM process, the feedstock wire is continuously fed into an electric arc or plasma
while it is translated along the deposition direction using a 6-axis robotic arm or a computerized
numerically controlled system [7,8]. Among the adopted heating sources for the WAAM process,
the use of gas metal arc (GMA) based WAAM process has been extensively investigated to
fabricate metallic components from various feedstock alloys, such as steels, aluminum, titanium,
brass, and nickel alloys [9,10]. Fabrication feasibility of ferrous alloys through WAAM process
has been thoroughly examined for austenitic stainless steels [11,12], duplex steels [13], martensitic

stainless steels [14], and precipitation hardened martensitic stainless steels (PHMSS) [15].

On the other hand, the application of the wire arc additive manufacturing process is not

only restricted to the fabrication of large-scale metallic components. Recently, several studies have
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explored new techniques for implementing the WAAM as a micro-scale restoration method,
especially in the manufacturing industry, where part replacement is costly and requires service
interruption [6,16,17]. For instance, AISI 420 martensitic stainless steel (420 MSS) containing 13
wt.% chromium with a great combination of high strength, suitable wear and creep resistance, and
acceptable corrosion performance is widely used for plastic molding applications [18].
Implementing conventional manufacturing techniques to fabricate these molds generally end up
with recurring failures during service [19]. A localized and automated restoration process by
implementing the WAAM technique can expand the in-service life of the 420 MSS molds and
delay the part replacement in critical situations [20]. Considering the formation of martensitic lath
structure and the high tensile strength of the 420 MSS parts fabricated by the WAAM process,
implementing the similar 420 MSS track as the restoration material can be favorable in terms of
mechanical response [8]. However, the electrochemical performance of the 420 MSS track can be
challenging due to the formation of residual metastable phases with high chromium and high
carbon content at the interface region [25,26]. Hence, applying a dissimilar restoring track with
acceptable mechanical performance and higher corrosion response compared to the 420 MSS
components can be reasonable. Unlike the martensitic stainless steels (MSS), PH-MSS alloys, such
as 17-4 PH, 15-5 PH, and PH 13-8Mo alloys, possess a low carbon content (<0.07 wt.%), which
hinders the formation of carbon-rich secondary phases and leads to superior corrosion performance
as compared to the WAAM 420 MSS [15,21]. Hence, applying the as-printed PH-MSS tracks as
the localized repairing alternative for the 420 MSS casting molds is potentially more viable than
the similar 420 WAAM tracks, considering the superior corrosion performance.

As the first step to analyze the application feasibility of the WAAM PH-MSS alloys as a

restoration alternative, it is crucial to explore the performance of the fabricated parts with other
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accessible AM techniques. Several studies have been conducted to investigate the fabrication
possibility of PH-MSS alloys via additive manufacturing techniques. Asghari and Mohammadi
[22] have successfully fabricated stainless steel CX alloy with a similar composition to PH 13-
8Mo alloy, implementing powder-based direct metal laser sintering (DMLS) process and reported
a low level of porosity formation and high tensile strength for as-printed parts. Shahriari et al. [21]
implemented the laser-powder bed fusion (L-PBF) technique for fabricating maraging stainless
steel Corrax® with similar chemical composition to PH 13-8Mo stainless steel. The anisotropic
electrochemical response was reported for the as-printed sample on the top versus the side planes,
plausibly attributed to the different thermal history experienced by the surfaces and variation in

residual stress level [21].

In case PH13-8Mo stainless steel samples fabricated by the AM technology exhibit
superior corrosion response relative to the conventional AISI 420 MSS, it can be considered as a
promising choice for repair and restoration of Oil Country Tubular Goods (OCTG) materials used
in extremely harsh and corrosive environments, where high corrosion performance is required for
the restored components [18,23]. On the other hand, the electrochemical performance of the
interfacial region between the 420 MSS and WAAM PH 13-8Mo stainless steel is of crucial
importance. The formation of micro-constituents at the interfacial region and the microstructural
variations combined with the Volta potential difference between the substrate and the deposited
tracks can adversely impact this dissimilar metal combination [24-26]. Although a few studies
have focused on the electrochemical performance characterization of the PH13-8Mo stainless steel
parts fabricated by various AM techniques [21,27], there is a knowledge gap on the corrosion

response of the interfacial region between a 420 MSS substrate and WAAM deposited PH13-8Mo
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stainless steel. Focusing on this gap, this study investigates the microstructural evolution and the
electrochemical performance of the interfacial region in a 420 MSS substrate repaired with
WAAM deposited PH13-8Mo stainless steel. Detailed comparisons have been made with the

properties of individual alloys.

2. Experimental procedure

2.1.Materials and the sample fabrication process

This study implemented a robotic wire arc additive manufacturing platform equipped with
a GMA power supply with a surface tension transfer (STT) mode and an all-x scanning strategy
to fabricate a wall-shaped piece with an approximate dimension of 160x160x6 mm?. The studied
samples herein were fabricated using AISI 420 MSS as the substrate plate and the commercial PH
13—8Mo wire with a diameter of 1.143 mm (0.045 in) as the feedstock material. The nominal
chemical composition of used materials in this study is presented in Table 7.1. The optimum
process parameters for the fabrication of sound defect-free parts are summarized in Table 7.2. The
inter-layer temperature prior to the deposition of a new layer was monitored using an infrared-
based closed-loop sensor and kept constant at 100+2.5 °C throughout the fabrication process. A
commercial shielding gas containing a mixture of 90% pure argon, 7.5% pure helium, and 2.5%
carbon dioxide was applied to protect the fusion zone and eliminate oxidation and contamination
through the deposition process. An illustration of the used GMA-WAAM system and the

fabricated wall are shown in Fig. 7. 1 aand 7. L.b.
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Table 7. 1. The nominal chemical composition of the PH 13—8Mo feedstock wire and 420 MSS

(data in wt.%).
Material C Cr Mn Si S P Ni Mo Al Cu v Fe
PH 13-8Mo feedstock wire 0.05 125135 01 01  0-0.04  0-0.05 7.5-85 225 09-135 0-04 - Bal.
AISI420 035 12-14 05 03 0-004 0-0.05 - 0-0.1 - - 0.3  Bal

Table 7. 2. The applied GMA-WAAM processing parameters for fabrication the PH 13—8Mo
wall

Current Arc Voltage Wire Feeding Rate Scanning Rate Argon Flow Rate
130A 28V 67 mm/s 4.2 mm/s 25 L/min

(c)

WAAM Robot R°

Graphite Rod

(Counter Electrode)

Saturated Ag/AgCl

(Reference Electrode)

Sample
(Working Electrode)

3.5 wt. % Nacl
.-~

Figure 7. 1. (a) Automated WAAM robot, (b) fabricated wall and the selected samples’ location
and surface for electrochemical analysis, and (c) illustration of the experimental setup for
electrochemical tests.

2.2.Microstructural characterization
The standard grinding and polishing procedure for stainless steel was applied to prepare
samples for microstructural characterization. The 420 MSS sample was then etched with Villella’s
reagent for 20 s, while the interface sample and the as-printed WAAM PH 13-8Mo sample’s

microstructure were revealed after etching in Fry’s reagent for 5 s. To characterize the formation
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of possible phases, the X-ray diffraction (XRD) technique at the range of 20°-100° was conducted
by implementing a Cu-K, X-ray source at a voltage exposure rate of 52 kV and the current value
of 25 mA. To further investigate the microstructural evolution, grain size distribution, and
crystallographic orientation of samples, A FEI MLA650F scanning electron microscope (SEM)
equipped with both energy dispersive spectroscopy (EDS) and electron backscattered diffraction
(EBSD) detectors were used. The EBSD data was gathered at the sample’s tilt angle of 70° and a
step size of 0.5 um and then post-processed using an HKL EBSD software. In addition, to reveal
the possible formation of particles and secondary phases at nano-scale, transmission electron
microscopy (TEM) samples were prepared using a focused ion beam (FIB) system and in-situ lift-
out technique and analyzed with a Talos 200X TEM apparatus at an accelerating voltage of 200

kV.

2.3.Electrochemical analysis

Samples from the interface region, 420 MSS substrate, and WAAM side were prepared
with polished surfaces for the electrochemical analysis. All electrochemical measurements were
conducted in naturally-aerated 3.5 wt.% NaCl solution at room temperature. A standard three-
electrode corrosion cell apparatus was used with configuration as shown in Fig. 1c. The OCP
measurements were performed for 14 h to analyze the impact of the prolonged immersion time on
the OCP stability. The cyclic potentiodynamic polarization (CPP) tests were run at the scanning
rate of 0.1 mV/s commencing at -0.4 V versus OCP. The EIS measurements were conducted over
the frequency range of 100 kHz to 10 mHz with a sinusoidal perturbation signal voltage of 10 mV.
Mott-Schottky examinations were conducted with a frequency of 1000 Hz, amplitude of 5 mV, a
scanning rate of 40 mV/step, and a ranging potential of —1000 to 1000 mV Ag/agc1. All corrosion

experiments for each sample were repeated at least five times to ensure the reproducibility of the
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results. Following the CPP experiments, a VK-X1000 confocal laser scanning microscope (CLSM)
was also implemented to quantify the pit/localized corrosion depth formed on the samples and to

evaluate the extent of corrosion damage.

3. Results and Discussion

3.1.Microstructural characterization

The optical micrograph taken from the 420 MSS substrate is shown in Figure. 7. 2a.
Figures. 7. 2b-2e exhibits the SEM micrograph of the 420 MSS and its corresponding EDS
elemental maps of iron, chromium, and carbon. Chromium-rich carbides with vermicular and
spherical shapes (see Figure. 7. 2b and 7. 2c¢) are formed through the grain boundaries
(intergranular carbides) of the ferritic matrix and also embedded inside the matrix (intragranular
carbides).

The SEM micrograph of the as-printed PH 13—8Mo samples at low and high magnification
and its corresponding EDS elemental maps are illustrated in Figures. 7. 2-2j. It is observed that
directional columnar grain growth occurs parallel to the heat dissipation direction, approximately
aligned with the building direction (z-axis). Moreover, relatively coarse (~40-200 um) and
epitaxial grains were found to grow along each deposited track. As shown in the high magnification
SEM micrograph in Figure. 7. 2g, the microstructure of the as-printed WAAM PH 13—-8Mo sample
at ambient temperature consists of lath martensitic structure (M) and residual delta ferrite phase
(0). EDS elemental maps (Figures. 7. 2h and 2i) confirmed high chromium concentration and
nickel depletion where the delta ferrite phase was formed. To better understand the formed
microstructure at ambient temperature, the phase(s) transition sequence for a PH-MSS alloy should
be considered as follows [28]:

L>L+6>50—>0+y—>d0+ytM—o06+M (1)
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The formation of the martensitic structure is related to the rapid cooling through the non-
equilibrium solidification of the WAAM process, which leads to the shear-based transformation
of the austenite phase (y) to metastable martensite structure at room temperature [29]. On the other
hand, the diffusion-based transformation of the delta ferrite phase to austenite at a high temperature
can also be hindered via a fast cooling rate associated with the nature of the WAAM process,
leaving a significant amount of delta ferrite phase untransformed [15]. This justifies the formation
and stability of the residual delta ferrite phase at room temperature. However, the existence of
ferrite stabilizer elements, such as chromium at high concentration (~13 wt.%), can also contribute
to the retainment of remnant delta ferrite at ambient temperature [7]. Moreover, the EDS elemental
mapping reveals the formation of a few spherical aluminum-rich inclusions (Figure. 7. 2j) in the
microstructure [30].

TEM analysis was also used to characterize the microstructure of the as-printed PH 13—
8Mo sample. According to the lower magnification bright-field TEM image (Fig. 7. 3a), the
predominant microstructure can be characterized as a lath martensitic structure. However, the
higher magnification TEM image along with its corresponding selected area electron diffraction
(SAED) pattern, revealed the formation of retained austenite in the as-printed PH 13—8Mo sample
(see Figure. 7. 3b-3d). Although the formation of retained austenite was not expected in the as-
printed PH 13-8Mo sample as its Mr is higher than room temperature, the sequential heating, and
cooling cycles during the fabrication process resulted in the formation and stability of retained

austenite in the as-printed microstructure.
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Figure 7. 2. SEM micrograph of the 420 MSS substrate at (a) low magnification showing the
intergranular carbides, (b) high magnification showing vermicular and spherical carbides along
with its corresponding EDX elemental concentration maps exhibiting: (c¢) iron concentration, (d)
chromium concentration, and (e) carbon concentration, (f) low magnification SEM micrograph
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of the as-printed PH 13—8Mo sample, (g) high magnification SEM micrograph of as-printed PH
13-8Mo sample representing martensitic matrix and residual delta ferrite formation accompanied
by its EDX elemental concentration maps including (h) chromium concentration, (i) nickel
concentration, and (j) aluminum concentration.
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Figure 7. 3. (a) Bright-field TEM image of the as-printed PH 13-8Mo sample, (b) high
magnification TEM image showing the existence of the retained austenite, and (c and d) the
corresponding SAED pattern confirming the co-existence of martensite and retained austenite in
the microstructure.

The optical micrograph of the interfacial bonding zone between the 420 MSS substate and
the additively manufactured PH 13-8Mo alloy (Figure. 7. 4a) reveals the formation of four

different zones, i.e., far heat affected zone (FHAZ), close heat affected zone (CHAZ), partially
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melted zone (PMZ), and fusion zone (FZ). Each zone is formed as a result of distinct thermal
history, leading to the existence of different micro-constituents in each zone. By deposition of the
first few layers of the WAAM PH 13—8Mo alloy, the underlying regions of the 420 MSS substrate
far from the fusion line experience a lower thermal exposure in the range of 600—1000 °C, not high
enough for the austenitic phase transformation [25]. Hence, the microstructure of the FHAZ
remains ferritic upon cooling (see Figure. 7. 4b). Moreover, the short exposure time to high
temperature mainly hinders the dissolution of pre-existing carbides in FHAZ, while a temperature
rise up to the annealing temperature (600-800 °C) potentially expedites the nucleation of
chromium-rich carbides in the HAZ [25]. This can justify the formation of more refined with a
higher volume fraction of carbides in FHAZ compared to the 420 MSS substrate (see Figures. 7.
4b and 4c). Contrarily, the CHAZ experiences a higher thermal exposure as high as the austenitic
stability region (~1100-1350 °C) followed by rapid cooling, forming a martensitic structure and

leading to the partial dissolution of chromium-rich carbides (see Figures. 7. 4d and 4e) [25].
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Figure 7. 4. (a) The OM macrograph of deposited PH 13—8Mo wall and its interfacial region, (b
and ¢) SEM micrographs of the FHAZ, and (d and e ) CHAZ

In the regions adjacent to the CHAZ and under the fusion line (shown by the dashed line
in Figure. 7. 5a), significantly higher thermal exposure raises the temperature to the stability region
of delta ferrite, austenite, and liquid, leading to the formation of a narrow partially melted zone
(PMZ). Upon cooling, the microstructure of PMZ consists of a martensitic structure with a high-
volume fraction of fine chromium-rich carbides (see Figures. 7. 5b and 5¢). The EDX elemental
maps and the line scanning over the formed micro-constituents (see Figures. 7. 5d-5f) exhibit
higher concentrations of chromium and carbon, confirming the chromium carbide nature of these
particles. These fine carbides possibly form through the initial dissolution of pre-existing coarse
carbides and following the nucleation of finer carbides through sequential thermal cycles

associated with the deposition of the following tracks [18].
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In the region above the PMZ, the fusion zone of the first deposited layer consists of a
considerable amount of retained austenite (see Figure. 7. 5b). Through the deposition of the first
track at the fusion zone, the transformation of the austenite to the martensite phase can be hindered
due to the existence of high content of the nickel (see combined EDX elemental mapping at Figure.
7. 5¢) as an austenite promoter element. High nickel content can decrease the martensite start (Ms)
temperature and leave a substantial amount of austenite at room temperature (retained austenite
formation) [15]. On the other hand, high thermal exposure in this region can facilitate the
dissolution of carbides from the substrate into the fusion line and lead to a sudden increase of the

carbon content (see Figure. 7. 5¢), which can act as an austenite stabilizer in the FZ, as well [7].
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Figure 7. 5. (a) SEM micrograph of the PMZ and FZ at low magnification, (b) SEM micrograph
at high magnification for the PMZ and FZ showing the formation of retained austenite at the FZ,
and (c) its superimposed EDX elemental maps of iron, chromium, carbon, and nickel, (d) high
magnification SEM micrograph exhibiting the formation of chromium carbides, (¢) EDX
elemental mapping of the area shown in (d), (f) EDX line scanning across the carbide shown in

(e)

Figure. 7. 6 demonstrates the obtained XRD spectra for the 420 MSS substrate, interface
region, and the as-printed PH 13—8Mo sample. The XRD spectra of the 420 MSS substrate
confirmed the observations from the SEM micrographs, showing the existence of ferrite peaks at
(110), (200), (211), and (220) planes, along with peaks for M7C3; and M23Cg carbides. No austenitic
peaks were detected for the 420 MSS substrate, potentially due to the elimination of this phase

through the annealing heat treatment of the as-received material [31]. For the as-printed PH 13—
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8Mo sample, martensitic peaks at (110), (200), (211), and (220) along with low-intensity austenitic
peaks of (111), and (200), were detected. The XRD spectra of the interfacial bonding sample
revealed the formation of high-intensity austenitic peaks at (111), (200), (220), and (311) planes,
confirming the findings of the SEM analysis, which exhibited the formation of a high-volume

fraction of retained austenite in the fusion zone.
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Figure 7. 6. The XRD spectra results of the 420 MSS substrate, as-printed PH 13—8Mo, and the
interface samples.

The dislocation formation can potentially contribute to the corrosion response of the
samples, which will be elaborated later. Hence, the XRD spectra results were used to calculate the
dislocation density of each sample for the detected martensitic phases by implementing the

following Scherrer equations [32]:

1
§=2 )
DA
L= B cosf (3)
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where 0 is the length of dislocation lines per unit volume (dislocation density), L is the
average diameter of the crystallites (crystal size), D is the unity shape factor, 6 is the Bragg angle,
B is the breadths of the same Bragg peak from the XRD spectra, and A is the X-ray wavelength
(for Cu-K, radiation = 1.54056 A) [33].

The calculated dislocation values for the martensitic/ferritic (110), (200), (211), (220)
intensity peaks are presented in Table 7. 3. The 420 MSS substrate expectedly exhibits the lowest
dislocation density compared to the a-printed PH 13—8Mo and interface sample, attributed to the
annealing impact of the pre-deposition heat treatment. The as-printed sample contained the highest
dislocation density, ascribed to the formation of a highly-strained martensitic structure [34]. In
contrast, the interface sample with strain-free ferritic structure at the FHAZ possessed a lower
dislocation density [35].

Table 7. 3. Calculated dislocation density values for the 420 MSS substrate, as-printed PH 13—
8Mo, and the interfacial bonding samples.

Sample 5/1.nm? (Sherrer)
(110) (200) Q11) (220)
420 MSS Substrate 0.003 0.49 0.01 0.003
As-printed PH 13-8Mo 0.05 2.16 0.62 0.018
Interface 0.01 1.37 0.39 0.008

3.2.Crystallographic orientation characterization

To characterize the crystallographic orientation of the samples, inverse pole figure (IPF)
map superimposed on the grain/lath boundaries map and the phase map along the building
direction (z-axis), covering various observed zones with distinct microstructure, are shown in

Figures. 7. 7a and 7. 7b. The IPF, phase, and grain misorientation maps of each distinct zone are
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shown in more details and higher magnifications in Figures. 7. 8 and 7. 9, as well. The equiaxed
grains are clearly observed in the 420 MSS substrate, also called base metal (BM), FHAZ, and
CHAZ, while a drastic change in the grain size distribution over these zones is observed (see
Figures. 7. 7a, 8a-8c). Although the dominant crystallographic phase formed in the wrought 420
MSS and the FHAZ is the BCC phase (see Figure. 7. 7b, 7. 8d and 7. 8e), a relatively low volume
fraction of FCC phase (~4 %) was detected in the CHAZ, as shown in Figure. 8f. The formation
of retained austenite phase in the CHAZ is potentially attributed to the high thermal exposure of
this region during WA AM (close to the austenite transformation temperature), followed by its fast-
cooling to room temperature that can sustain the formed austenite phase to some extent in CHAZ
[36].

The misorientation angle grain boundaries maps of the substrate, FHAZ, and CHAZ
(Figures. 7. 8g-8i) show that the fraction of high angle grain boundaries (HAGBs) decreases
moving from the substrate toward the CHAZ due to the nucleation of new grain boundaries with
lower misorientation angles (LAGBs) at the primary ferrite boundaries of the 420 MSS [37].
Moving closer to the CHAZ, the fraction of nucleation increases dominated by the higher thermal
exposure at a longer time [38], leading to a higher fraction of LAGBs, and a lower fraction of
HAGBs for the CHAZ and FHAZ as compared to the 420 MSS substrate. The grain/lath size
distribution of different zones and statistical illustration of the misorientation angle boundaries are
shown in Fig. 7. 10, as well. It is observed that moving from the 420 MSS substrate to the FHAZ,
and CHAZ, the average ferritic grain size decreases from 8.04 um for substrate to 6.45 um and
4.02 pm for FHAZ and CHAZ, respectively. This reduction in grain size is attributed to the
nucleation and grain recrystallization via the exposed thermal experience in these regions, which

is more severe in CHAZ compared to the FHAZ.
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The IPF and phase maps of the PMZ (Figures. 7. 9a and 9d) exhibited the formation of fine
equiaxed ferritic grains (average grain size < 5 um) along with relatively coarse austenitic grains
with the average size of 6.25 pm. The phase map of the PMZ relevels the existence of a significant
volume fraction of the FCC phase (~15%) along the BCC structure. The IPF and phase maps of
the FZ (Figures. 7. 9b and 7. 9¢) reveal the formation of a bimodal structure with coarse austenitic
grains with an average size of 8.54 um along with fine martensitic lath structure (average lath size
< 1 pum). The high-volume fraction of the FCC phase (~61%), representing the austenite, is
observed on the phase map of the FZ, which is in great accordance with the observed retained
austenite phase in the SEM micrographs of the interfacial bonding region and detected austenitic
peaks on the XRD spectra. As shown in Figure. 7. 9h, the retained austenite phase is characterized
by having high angle grain boundaries (AGB>15°), while the fine martensitic laths expectedly
nucleate with low misorientation angles relative to their parent austenite grains (AGB<5°)[39,40].
As shown in Figures. 7. 9c and 7. 9f, the as-printed sample (AP) exhibited the dominancy of fine
martensitic lath structure (average lath size <4 pum) with a low fraction of FCC structure (~6%),
which is also in good agreement with SEM and TEM micrograph observations and XRD spectra
findings. Contrarily to the FZ, the as-printed sample exhibits a higher fraction of LAGBS (~20%),
potentially related to the higher volume fraction of lath martensitic structure possessing low angle
boundaries (<5°) as lath boundaries [41]. In general, the 420 MSS substrate was characterized by
coarse grains with a significantly higher fraction of HAGBs, possibly attributed to the prolonged
exposure to the recrystallization and subsequent grain growth through the heat treatment prior to
the WAAM. In contrast, during the WAAM deposition process, the experienced high thermal

exposure leads to a higher fraction of LAGBs at the FHAZ, CHAZ, PMZ, and AP. The FZ
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possessing a coarse austenitic structure with high energy levels at grain boundaries is an exception

and has a higher fraction of HAGBs (82%) than the other subsections.

420 MSS

»

AP FZ PMZ CHAZ FHAZ
5 g 2

(@)

(b)

Figure 7. 7. (a) Inverse pole figure (IPF) map superimposed on the lath/grain boundary map
across the interfacial bonding zone and (b) its corresponding phase map.
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Figure 7. 8. Fig. 8. (a), (b), and (c) IPF maps, (d), (¢), and (f) their corresponding phase maps, (g),
(h), and (i) their corresponding grain boundaries misorientation maps for the 420 MSS substrate,
FHAZ, and CHAZ, respectively.
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Figure 7. 9. (a), (b), and (c) IPF maps for the PMZ, FZ, and as-printed PH 13—-8Mo, (d), (e), and
(f) their corresponding phase maps, (g), (h), and (i) their corresponding grain boundaries
misorientation maps, respectively.
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Figure 7. 10. (a-f) grain/lath size distribution of the subzones and (g) their corresponding
statistical grain boundaries misorientation angles distributions.

The orientation distribution function (ODF) maps at ¢2=45° corresponding to all subzones, i.e.,
420 MSS substrate, FHAZ, CHAZ, PMZ, FZ, and the as-printed sample along with the detailed
crystallographic direction, planes, and the 3D representations are exhibited in Figure. 11. The 420
MSS substrate, FHAZ, CHAZ, and PMZ exhibited weak texture components with maximum
intensities of ~2.25, 1.18, 2.19, 2.75MUD, respectively, potentially attributed to the dislocation
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annihilation and recurring recrystallization through the pre-WAAM annealing process for the
substrate as well as the tempering effect of WAAM process on the FHAZ, CHAZ, and PMZ.
Contrarily, the fusion zone exhibit strong {011}<I111> texture components with maximum
intensities of ~5.63. The {011}<111> texture component is known as the parent martensite
component for the observed austenite structure in the FZ. The crystallographic relationship
between the final martensite structure (¢) and the primary austenite phase (y) can be explained by
the Kurdjumow—Sachs (K—S) approach as follows [42]:

{111}, /{110}4 <110 >, //< 111 >4 4)

The coinciding and formation direction of the parent and final phases can be characterized by
the K-S orientation relationship. The formation of strong {011}<111> components in the FZ
confirmed the fulfillment of the K-S orientation relation between the austenite phase and the
observed final martensitic lath structure [7,43].

On the other hand, the as-printed PH 13—-8Mo (AP) sample exhibits a strong preferential
solidification texture component of {001 }<100> ( maximum intensity of 6.16 MUD). Through the
deposition of initial tracks, primary delta ferrite grains formed at higher temperatures experience
a competitive growth upon solidification along the <100> direction (known as the preferential
growth direction for the cubic structure) coinciding with the heat dissipation direction (z-axis)
parallel to the {001} planes [44]. Through the deposition of subsequent layers, the epitaxial growth
mechanism resumes on the columnar grains of the previous track, maintaining strong directional
texture throughout the whole deposited wall [15].

The J-index concept is used herein to calculate the severity and strength of texture components.

The J- index as a dimensionless value is defined as unity for a fully randomized crystallographic
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orientation, whereas the values close to infinity exhibit a single crystal structure. The J-index value

can be calculated using the following equations [45]:

J —index = [ f (9)*dg (5)
dg = dgy do dep, 55 (©)

where ¢1, ¢, and @ are the Euler angles, characterizing the crystallographic relationships in a
coordinate system, f (g) is the ODF density at the orientation of g, and dg is the variation in
orientation. Consequently, the maximum textural strength can be indicated by a J-index value. In
addition, J-index is a strong tool as a quantitative illustration of materials' preferential orientation
[45]. The calculated J-value for substrate, FHAZ, CHAZ, PMZ, FZ, and the AP sample are 2, 2.25,
2.45,3.25, 5.16, and 12.25, respectively, affirming the formation of a stronger texture in the as-

printed PH 13-8Mo sample.
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Figure 7. 11. The ODF maps at ¢,=45° and their corresponding 3D-plots for (a) and (b) the 420
MSS substrate, (¢) and (d) FHAZ, (e) and (f) CHAZ, (g) and (h) PMZ, (i) and (j) FZ, and (k) and
(1) as-printed PH 13-8Mo sample, respectively.
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3.3.Corrosion Results
3.3.1. Open circuit potential and cyclic potentiodynamic polarization results

The variations of the OCP over a long immersion time (14 h) for the 420 MSS, as-printed
PH 13-8Mo, and the interface samples in an aerated 3.5 wt.% NaCl solution are shown in Figure.
12. The 420 MSS substrate exhibits an average OCP value of -25 mV+5, where a slight increase
in the OCP trend is demonstrated over time (t<10h), while OCP stabilization is observed after 10
h of immersion, possibly attributed to the improved passivation ability of the alloy over the
specified immersion time [23]. On the other hand, intermittent spikes of the OCP values,
representing rapid fall followed with a sudden increase back to the baseline, are observed,
especially at the onset of the immersion (t<2h) for the 420 MSSsubstrate sample, which can be
related to the initiation, growth, and subsequent re-passivation of meta-stable pits on the sample’s
surface [46]. Differently, the as-printed PH 13—8Mo sample shows a higher OCP value (average
OCP ~ +38 mV+2) compared to the 420 MSS and interface samples, with an increasing trend over
time, indicating its high passivation ability. The detected fluctuations in the OCP over the entire
immersion time for the as-printed PH 13—8Mo sample imply the recurrence of the micro-pits
formation followed by their re-passivation. The interface sample show the lowest OCP (average
OCP ~ -415 mV+2) and a reducing trend at longer immersion times, possibly correlating to

consistent dissolution of its passive film in the electrolyte over time.
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Figure 7. 12. The OCP variation versus the monitoring time for the 420 MSS substrate, as-
printed PH 13—8Mo, and the interface samples in an aerated 3.5 wt.% NaCl solution at room
temperature.

The cyclic potentiodynamic polarization (CPP) test was also conducted on the samples
after immersion periods of 1 h, 3 days, and 5 days to examine the electrochemical stability of
samples over time, and the obtained graphs are illustrated in Figure 7. 13. The obtained
electrochemical parameters from the CPP tests are summarized in Table 7. 4. The 420 MSS
substrate exhibited a passive behavior with a comparatively wide passivation range over the anodic
branch at all immersion times (see Figures. 7. 13a-13c). The pitting potential (Epi) remains
relatively constant at the longer immersion times, while higher passivation current density (ip)
indicates a slight deterioration of the passive film on the surface of the 420 MSS sample over time.
The as-printed PH 13—-8Mo sample exhibits strong passive behavior with a distinct breakdown
potential (Epi) accompanied with a high re-passivation potential (Erp) at various immersion times

(see Figure. 7. 13d-13f), suggesting the formation of an intact passive film and stabilization of the
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passive layer over the extended immersion time. In harmony with the OCP trends, the interface

sample exhibits lower electrochemical stability and corrosion resistance compared to the as-printed

and 420 MSS substrate samples, as evidenced by its low corrosion potential (Ecorr) and Epic values

after 1 h of immersion time (see Figure. 7. 13g) and passivation occurring at higher corrosion

current density (higher ip) after 3-days and 5-days of immersion periods (Figure. 7. 13h and 131).
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Figure 7. 13. The CPP graphs of (a-c) 420 MSS, (d-f) as-printed PH 13—8Mo, and (g-i) interface
samples over 1 h, 3-days, and 5-days of immersion times, respectively.

281



Table 7. 4. The electrochemical parameters obtained from the CPP graphs.

Ecorr icorr ip Epit Erep
(mVagage) (MA cm™?) (A em?)  (MVagagar)  (MVagager)
as-printed -50+5 0.85+£0.05 3.05+0.04 710+£35 335+20

Immersion Time Sample

1h interface -380+15 1.50+£0.05 15.25+0.05 80+5 -
420 MSS -120+15  0.80+0.03 5.25+0.05 490415 -70+£5
as-printed 215425 0.25+0.01 3.15+0.05 1150+50 550+40
3-days interface -450+25 20=+-1 200+£10 460+20 50+5

420 MSS -30+15 1.05+£0.02  6.25+0.05 450+20 -
as-printed 100+10 0.35+£0.03  8.25+0.05 870+50 250+35
interface -410+25 2541 150%10 510420 1542
420 MSS -5+1 2.10+0.02 15.25+0.05 470+£30 -

5-days

3.3.2. Electrochemical impedance spectroscopy results

EIS experiments were carried out for each sample after 1 h, 3-days and 5-days of
immersion periods in 3.5 wt.% NaCl solution at 25 °C to characterize the passive layer's protective
nature over time. The obtained absolute values of ohmic resistance at low to medium frequency
range of the Bode plots can represent the integrity of the passive layer on the samples’ surfaces
(Figures. 7. 14a and 7. 14c). Apparently, at various immersion times, the as-printed sample
exhibited significantly higher ohmic resistance values at low frequencies compared to the 420
MSS substrate and interface samples, suggesting the formation of a more stable passive film and
noticeably slower kinetics of corrosion reactions on its surface.

From the Nyquist plots, a significantly smaller semi-circle radius for the interface sample
is observed as compared to that of the as-printed PH 13—8Mo sample (see Figures. 7. 14b, 14d,
and 14f), at various immersion times, confirming the less protective nature of the passive film on
the interfacial region [46], aligned with the obtained OCP and CPP results. Contrarily, the as-

printed sample after 3 days of immersion time showed higher absolute values of impedance at low
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frequencies and larger capacitive radius compared to the sample immersed for 1 h, suggesting the
formation of a more stable and thicker passive layer on its surface over time. However, a slight
reduction in both impedance values and capacitive semicircle diameter was observed after five
days of immersion for the as-printed sample. The 420 MSS substrate exhibited significantly lower
impedance values and a drastic reduction of the capacitive semi-circle radius over the 3-days and
5-days immersion times, potentially ascribed to the dissolution of passive film into the electrolyte
solution, leading to the decreased electrochemical resistance of the alloy over time [46]. Despite
lower ohmic resistance at low frequencies over the various immersion times compared to the other
samples, the interface sample immersed for 5 days exhibited a larger capacitive radius compared
to the interface samples immersed for 1 h and 3 days, indicating relative improvement in terms of
passive film protectiveness, in good accordance with findings of the CPP tests for this sample at
different immersion periods.

On the other hand, the phase angle versus frequencies diagrams for the interface and 420
MSS substrate samples exhibit two broad individual peaks in the range of —60° to —80° after 3-
days and 5-days of immersion times, attributed to the diffusion through the susceptible regions to
localized corrosion attack and the double-layer capacitance at lower frequencies [7]. On the other
hand, the as-printed sample exhibits broader phase angle peaks over the varying frequencies at
various immersion times, possibly related to the superposition of two distinct peaks with two non-
discriminating time constants [7].

To better understand and quantify the characteristics of the formed passive film on the
surface of the samples, experimental data were modeled using a simplified equivalent circuit
(SEC), as shown in Figure. 7. 14a. Rsrepresents the resistance of the solution, CPE, and R,

correspond to the capacitance and the resistance of the passive film, CPEq and R represent the
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double layer constant phase element (CPE) and its charge transfer resistance, respectively [23].
The electrochemical parameters deducted from the modeled SEC are presented in Table 7. 5. After
various immersion times, the as-printed sample exhibited higher R and lower CPEg values
compared to the 420 MSS substrate and interface samples, confirming the formation of a more
intact passive film against corrosion on its surface. High R and low CPEg values were still
observed for the as-printed sample after 3-days and 5-days of immersion times, suggesting better
stabilization of the passive layer on its surface over time. On the other hand, the interface sample
exhibits significantly lower charge transfer resistance and higher double-layer constant phase
element values at various immersion times, confirming the less protective nature of the passive
film at the interfacial bonding. Moreover, higher charge transfer resistance values than the passive
film resistance (Rp<Rct) for the samples implies their clear passivation behavior.

The thickness of the passive layer for each sample at various immersion times (presented

in Table 7. 6) was calculated using the following equations [47]:

Cerr = 9Q(psgoe)'™ (7
A
Les =50 (8)

where Ceyris the effective capacitance, g is a function of n (g = 1 + 2.88(1 — n)?37%), ps
is the maximum resistance of the passive layer, &9is the vacuum permittivity (8.854 1014 Fem™),
¢ 1s the passive film dielectric constant (~15.6 for Cr203), Ly, is the thickness of the passive film,
and 4 is the surface area of the exposed samples [2,48]. The interface sample's calculated passive
film thickness is significantly lower than the 420 MSS substrate and as-printed sample. In contrast,
the thickness of the passive film for the as-printed sample increases after 3-days of immersion
time, indicating improved passive film stabilization/thickening on the as-printed sample over time,

consistent with the obtained corrosion results in this study.
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Table 7. 5. The fitted electrochemical parameters for the EIS spectra.

R, CPE, R, CPEy R 2
Qcm?) (Q'cm?s") Qem?)  (Q'em?s”) ™ (Qcm?) Z x

as-printed  3.54  8.44x107 0.88 1.19x10> 6.56x10° 0.88 2.18x10° 1.37x 1073

1h interface 3.56  6.22x10* 097 5.72x10°  5.62x10*  0.94 4.60x10* 1.44 x10°°

420 MSS 3.58  9.27x10°%  0.95 1.24x10* 2.62x10°  0.86 1.90x10° 1.23x107°

as-printed  3.54  4.23x107 0.88 1.09x10*> 4.16x10° 0.83 4.45x10® 1.32x107°

3-days interface 3.58  9.62x10* 0.88 3.62x10° 7.48x10* 0.84 3.57x10* 1.54 x107°

420 MSS 3.65 1.27x10°  0.84 1.17x10> 8.62x10° 098 7.56x10* 1.76 x 1073

as-printed  3.55  6.83x107 0.95 1.12x10*> 5.66x10°° 0.86 3.15x10° 1.42x107°

5-days interface 3.64  2.45x10*  0.88 9.75x10° 1.46x10* 0.83 6.59x10* 1.74x107°

420 MSS 3.58 8.24x10° 0.84 1.12x10*> 2.71x102 0.98 7.50x10° 1.96 x 1073

Immersion Time Sample n;

Table 7. 6. The effective capacitance (C.p) and passive film thickness (Lss), calculated for each
sample at different immersion times.

Immersion Time Sample Cyr Lss
(Fecm?)  (nm)
1h Wrought-420 MSS substrate  1.23x10°  62.34
as-printed 4.12x10°  126.75
interface 6.87x10*  0.68
Wrought-420 MSS substrate  2.63x10°  45.87
3-Days as-printed 1.15x10°% 143.54
interface 7.47x10*  0.58
5-Days Wrought-420 MSS substrate  5.63x10°  38.46
as-printed 2.24x10%  134.25
interface 6.95x10*  0.63

3.3.3. Mott-Schottky analysis

The semiconductive characteristics of the passive layer formed on the samples were
analyzed by carrying out the Mott-Schottky measurements in aerated 3.5 wt.% sodium chloride
solution at room temperature. The obtained Mott-Schottky graphs are presented in Figure. 7. 15a-
15¢c. According to the Mott-Schottky equation, the applied potential value (£) and the measured

electrode capacitance (C) are correlated as follows [49]:

2 KT
gz o e T E—Em =) ©)

C? Cg C5¢ Ci  eNgeegg

286



where Cy is the Helmholtz capacitance, Csc is the space charge capacitance of the passive
film, e is the electron charge (1.6 x 107" C), N, is the doping density, ¢ is the relative dielectric
constant for the passive layer (¢ = 15.6 for martensitic stainless steel), &, is the vacuum
permittivity, k is Boltzmann’s constant (8.16 x 107> eV/K), Ers is the flat band potential, and T is
the absolute temperature. The linear portion of the C vs E graph can calculate the N, and Erp by

implementing the intercept and slope technique and considering the k77/e value close to zero [49].
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Figure 7. 15. The Mott-Schottky curves of the passive film for the (a) base metal, (b) as-printed
sample, and (c) interface sample, (d) the variations of the donor and acceptor densities.

A zone with p-type semiconductor behavior (left side of the graphs) confirms the formation of
chromium oxide (Cr203) as the primary content of the passive film in all samples, in which the
number of holes in the valence band of the oxide film is higher than the number of electrons in the
conduction band [50]. On the other hand, an n-type semiconductor behavior, characterized by the

positive slope on the M-S plots, was also detected, suggesting oxygen vacancies and interstitial
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cations as the major defects in the formed passive film. Through the n-type transition, it is believed
that the oxide layer primarily consists of iron oxide (Fe>O3) since the number of holes in its valence
band is less than the number of electrons in its conduction band [50].

The donor density and acceptor density values, Np and N4, respectively, calculated from the
M-S equation for samples, are shown in Figure. 7. 15d. High values of the Np and N4 imply the
formation of disordered passive film on the samples’ surfaces. The interface sample has a
significantly higher donor and acceptor density values as compared to the as-printed PH 13—-8Mo,
and substrate 420 MSS samples, indicating the stability disturbance of the passive film for the
interface region, ascribed to the significant increase in recurring electrochemical reactions at the
metal/passive film interface [18,51]. Higher donor density of the passive layer can potentially
increase the chloride ion’s adsorption affinity, leading to a higher susceptibility to the pitting
nucleation and corrosion initiation [51]. Hence, the interface sample with a passive film containing
a high donor density can promote the accelerated reaction between the oxygen vacancies and
chloride ions due to the easier ions adsorption [51].

As discussed earlier, the dislocation density of the as-printed PH 13-8Mo sample was
estimated to be significantly higher than that of the 420 MSS and interface sample after the
process-induced martensite transformation through WAAM, as summarized in Table 2. However,
considering the semiconductive characteristics of the as-printed PH 13—8Mo sample, the highly
strained martensitic structure has not led to a drastic increase in doping density. Hence, the high
dislocation density of the as-printed samples does not reflect the susceptibility to localized
corrosion attack [48], and potentially other factors govern this sample's corrosion response, which

will be elaborated later on.
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3.4.Electrochemical response interpretation and morphology of corroded samples

Previous studies have shown that the electrochemical response of the 420 martensitic
alloy was adversely impacted by the formation of chromium-rich carbides, provoking the micro-
galvanic coupling effect between anodic ferritic matrix and cathodic carbide particles [52]. The
corrosion morphology of the 420 MSS sample after the CPP test (see Figure. 7. 16a- 16d) reveals
that micro-pitting at the ferrite grain boundaries, where a high-volume fraction of chromium rich-
carbides form (promoting the micro-galvanic coupling), is the dominant localized attack on this
sample. On the other hand, the corrosion morphology of the as-printed PH 13-8Mo sample depicts
the formation of randomly distributed pits on the samples’ surface (see Figure. 7. 16e-14h), where
iron dissolution occurs at the pitting sites, possibly attributed to the constant recurrence of the re-
passivation, pit nucleation, and subsequent pitting coalescence. The corrosion response of the as-
printed PH 13-8Mo sample was significantly higher than the other samples, potentially related to
the elimination of chromium carbides and the existence of a uniform martensitic structure,
hindering the micro-galvanic effect at the early stages of passivation. Due to the lower carbon
content of the PH 13-8Mo feedstock material compared to the 420 MSS sample, the formation of
carbides in the as-printed condition was not detected. Furthermore, the low volume fraction (6-
15%) of the formed delta ferrite phase in the as-printed sample inherently generates a weaker
micro-galvanic coupling effect due to its lower chromium content as compared to that in chromium

carbides [7].
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Figure 7. 16. (a) SEM micrograph of the 420 MSS sample showing the corrosion morphology
after the CPP test, (b) SEM image at higher magnification showing a micro-pit initiation site, (c)
and (d) the elemental maps for iron and chromium, respectively, (e) and (f) corrosion
morphology of the as-printed PH 13-8Mo sample after the CPP test, and (g) and (h) its
corresponding elemental maps for iron and chromium, respectively.
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The corrosion morphology on the interface region after the CPP test is exhibited in Figure.
7. 17a. To distinguish the electrochemical attack onset and the most susceptible areas to corrosion
at the interfacial bonding region, the CPP test was paused on the advancing side at corrosion
current density of 3 pA/cm?. The onset of corrosion occurred at the CHAZ and especially at the
PMZ, while the fusion zone remained uncorroded at the specified corrosion current density. The
formation of a high-volume fraction of corrosion product (possibly Cr203) is confirmed with iron
depletion and higher concentration of chromium and oxygen (Figures. 7. 17b-17¢), supporting the
increased susceptibility of this region to corrosion. The PMZ possesses a high fraction of fine
chromium carbides, which are susceptible regions to micro-galvanic coupling. The chromium
depletion can occur at the carbide/martensitic matrix interface, providing susceptible regions for
localized corrosion, as shown in Figures. 7. 17f and 17g.

Similarly, the formed fine chromium-rich carbides in the martensitic matrix of the CHAZ
can potentially intensify the micro-galvanic coupling at the interface of matrix/carbides and
deteriorate the corrosion performance in this region, as shown in Figures. 7. 17h and 17i. The
formed retained austenite phase at the fusion zone tends to nucleate and grow along the enriched
regions with the austenite stabilizer element Ni, where the chromium is mostly depleted [53,54].
Moreover, the Cr concentration at the austenite phase is close to the one in the martensitic lath
structure. This can reduce the heterogeneity at the formed martensitic lath boundaries and enhance
the corrosion performance of the fusion zone [7,54]. Consequently, it is expected that the galvanic
coupling effect in the macro-scale between the fusion zone and the PMZ (anodic 420 MSS side
and cathodic PH 13-8Mo side) intensifies the corrosion susceptibility in this region [23,55].

The pitting depth can be used as a vital tool for quantifying the degree of corrosion damage

on various subzones [56]. The scanning depth profiles of the interfacial bonding region after the
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CPP test and corrosion product removal are characterized using the confocal microscopy technique
and are shown in Figures. 7. 17j and 17k. The pits depth in the order of 1 pm was measured along
the PMZ and CHAZ (spots highlighted with dark blue and black), while no significant corrosion
damage is observed on the PH 13-8Mo side of the PMZ. This can support the previous finding of
this study, affirming the lower electrochemical stability at the 420 MSS side of the interface. From
the confocal microscopy graphs herein, a more aggressive and localized corrosion damage is
observed in the CHAZ compared to the uniform general corrosion attack in the PMZ, potentially
attributed to the less uniform distribution of chromium carbide particles with coarser structure,
which can inherently intensify the galvanic coupling effect in the CHAZ.

The stored energy at the grain boundaries depends on the grain misorientation angle. A
high fraction of HAGBs with higher energy levels was detected in the fusion zone and partially in
the PMZ region, where coarse austenite grains were formed through the complex thermal history
during the WAAM process. These high-energy level austenite grain boundaries are considered the
accessible routes for diffusion, leading to deviation of the grain boundary diffusivity from the bulk
diffusivity and deteriorating the electrochemical response of the passive layer for the interface
sample [23]. On the other hand, the martensitic lath structure of the as-printed PH 13—8Mo sample
with a high fraction of low angle grain boundaries can be the major factor contributing to the
superior electrochemical response of this sample since LAGBs are considered less susceptible to
corrosion as they possess lower energy levels [23]. In general, the inferior electrochemical
response of the interface sample and high electrochemical stability of the as-printed sample can be
related to the microstructural induced factors, as mentioned. The superior corrosion performance
of the PH 13-8Mo sample compared to the interface and 420 MSS sample can be correlated to the

absence of chromium-rich carbides in this sample. Overall, the superior electrochemical response
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of the WAAM fabricated side of the PH 13-8Mo — 420 MSS dissimilar metal combination attests
on the improved corrosion behavior and, ultimately, the service life of the PH 13-8Mo coated 420
MSS components, showcasing the capability of WAAM as a directed energy deposition process

for coating deposition, repair, and restoration applications.
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Figure 7. 17. (a) The low magnification SEM micrograph of the interfacial bonding region after
the CPP test, and (b-¢) the corresponding EDX elemental mappings of iron, chromium, nickel,
and oxygen, (f) high magnification SEM micrograph of the PMZ after the CPP test, and (g) its

corresponding combined elemental mapping, (h) high magnification SEM micrograph of the
corroded CHAZ area after the CPP test and (i) its corresponding combined elemental mapping, (j
and k) depth-profiles of the localized corrosion at interfacial bonding in two various locations.
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4. Conclusions

In this study, the interfacial microstructure and corrosion performance between a 420
martensitic stainless-steel substrate and a wire arc additive manufactured PH 13-8Mo part are
investigated. The interfacial bonding region experienced a complex thermal cycle, leading to the
formation of multiple distinct regions, including the far heat affected zone (FHAZ), close heat
affected zone (CHAZ), partially melted zone (PMZ), and fusion zone (FZ). The interfacial region
exhibited weaker corrosion performance with intense degradation on the PMZ and CHAZ,
ascribed to the formation of fine chromium-rich carbides that promoted the micro-galvanic
coupling effect along the carbide/martensite interface, leading to the onset of localized corrosion
attack from these regions. The superior corrosion resistance of the as-printed PH 13-8Mo and the
protective nature of the passive film formed on this alloy were correlated to the dominancy of
uniform lath martensitic structure characterized by primarily grains with low misorientation angles

along with the absence of chromium-rich carbides in this alloy.
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Chapter 8

Summary, Recommendations, and Future works

1. Summary

This thesis investigated the impact of the process-induced microstructural evolution and texture
variation on the electrochemical performance of 420 martensitic stainless steel. Specifically, the
effect of two deformation techniques (uniaxial tension and cold rolling), a novel additive
manufacturing process, and post-fabrication heat treatments on the corrosion response of 420 MSS
was characterized using microstructural features and crystallographic variation.

First, the impact of the uniaxial tension on the corrosion performance of 420 MSS was
investigated. A higher fraction of LAGBs and a strong {110} texture was observed for the
fractured sample compared to the base metal. It was noticed that the corrosion performance of the
samples deteriorated significantly as the deformation level increased. Micro-pit formation was
observed in the matrix and coarse chromium carbides interface. A higher fraction of susceptible
regions to initiation and propagation of pitting in deformed samples were observed, where the
elongation provided vast sensitized regions at the periphery of the precipitates. Consequently, the
corrosion resistance of the alloy was found to deteriorate by increasing the applied plastic strain.

Secondly, the effect of cold rolling on the microstructure and corrosion resistance of 420
MSS was investigated. The cold-rolling process led to a slight refinement in lath size, the
fragmentation of pre-existing large carbide precipitates, and an increased fraction of LAGBs. The
applied cold deformation also resulted in the formation of a stronger {111}<112> texture

component aligned with the ND in the 50% rolled sample. It was found that by increasing the
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samples' deformation level, the corrosion resistance decreased, suggesting the reduced stability of
the protective passive film on the deformed samples against corrosion attacks. At higher
deformation levels, the micro-galvanic coupling effect was provoked at the carbide/matrix
interface, where precipitates’ fragmentation resulted from the cold deformation provided more
susceptible regions for corrosion.

Thirdly, the effects of the crystallographic orientation and the secondary phase formation
on the electrochemical performance of a 420 martensitic stainless steel produced by the wire arc
additive manufacturing at two different inter-layer temperatures were investigated. The
microstructure of as-printed WAAM 420 MSS contained martensite laths with an average lath size
of ~3 um along with the delta ferrite phase and a high-volume fraction of retained austenite at the
side view. Strong cubic {001}<100> solidification texture was formed in the side view of the
sample with an interlayer temperature of 200°C, due to close alignment of the <001> growth
direction of primary austenite grains and the sample’s building direction. The corrosion
mechanism for all samples was governed by the localized corrosion attack at the delta ferrite/
martensite interface, where chromium depletion was significant.

Fourthly, the effects of different heat treatment processes, i.e. annealing and quenching &
tempering (Q&T) cycles, on the corrosion performance of a WAAM fabricated 420 MSS were
investigated. Islands of spherical chromium carbides embedded in a ferritic matrix were observed
for the annealed sample, while the Q&T sample showed intergranular carbides precipitated at the
PAGBSs and sub-micron intra-lath carbides. The weak texture was observed for the annealed and
Q&T samples, ascribed to the elimination of solidification texture during phase transformations.
A uniform passive film formation on the Q&T sample was observed after the PDP and EIS tests,

while the annealed sample exhibited active-like behavior. The corrosion morphology of the
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annealed samples revealed localized pitting formation, while an early stage of intergranular
corrosion at the PAGBs was observed for the Q&T sample. The superior corrosion response of the
Q&T sample was related to the formation of intra-lath M3C type carbides with similar chemical
composition to the matrix and a lack of sensitized regions on its surface.

Fifthly, the interfacial microstructure and corrosion response were characterized between
a wrought-AISI420 substrate and a wire arc additive manufactured 420 stainless steel. The
corrosion response of the interface region was affected adversely by the high-volume fraction of
primary austenite grain boundary formation at the partially melted and fusion zones with increased
susceptibility to localized corrosion attack. The onset of localized corrosion attack at the interfacial
region was mainly initiated at the fusion zone and the PAGBs, due to the formation of chromium
depleted zones at the interface of the PAGBs and the martensitic matrix.

Finally, the feasibility of implementing PH 13-8Mo WAAM track as a repairing alternative
for the 420 martensitic stainless steel was examined. The interface region experienced a
complicated thermal cycle, leading to multiple distinct regions. The corrosion performance of the
interfacial region exhibited intense degradation at the 420 MSS side of the PMZ and HAZ,
potentially attributed to the formation of fine chromium-rich carbides. The corrosion onset initiated

at the interface of the fine chromium carbides and martensitic matrix.
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II.

2. Concluding Remarks

The corrosion performance of the 420 MSS received from the industrial partner and the
uniaxial tension's impact on the samples' corrosion response were investigated in chapter
1. However, since the 420 MSS alloy received from the industrial partner was exposed to
multiple heat treatment cycles, the initial microstructure was not uniform along the
pipeline. It was difficult to generalize the observed results concisely and correlate the
results herein for all deformation techniques. Hence, cold rolling at more severe
deformation levels was conducted to as-annealed samples of 420 MSS alloy with a uniform
and single-phase heat treatment cycle, which facilitated the correlation of the observed
electrochemical behavior to the applied deformation technique. In general, it was noted
that the applied plastic deformation could adversely impact the corrosion performance of
the 420 MSS alloy with different microstructural features, attributed to the formation of
susceptible regions with chromium depletion adjacent to the chromium carbides.

As the impact of the plastic deformation on the corrosion performance of the 420 MSS
alloy was revealed, the characterization of other process-induced features' impact on the
alloy's electrochemical performance was vital. Considering the on-site manufacturing
features, acceptable part quality, and low waste rate, the WAAM process was selected to
fabricate the 420 MSS alloy as a novel technique. For the first time, the corrosion
performance of the as-printed 420 MSS parts fabricated by the WAAM process with a
complex experienced thermal history was characterized. The as-printed samples exhibited
lower corrosion resistance as compared to the available commercial 420 MSS parts,

ascribed to the existence of a non-equilibrium delta ferrite phase.
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II1.

IV.

Since the as-printed samples exhibited weak corrosion performance, post-fabrication heat
treatment was required to eliminate the delta ferrite phase and improve the corrosion
response. After examining two different heat treatment cycles, the quenching and
tempering (Q&T) heat treatment with specified parameters in chapter 5 was found to be an
effective method to eliminate the meta-stable microconstituents and improve the corrosion
response of the as-printed 420 MSS samples fabricated by the WAAM process. By
implementing the WAAM process and applying appropriate heat treatments, 420 MSS
parts with higher corrosion performance compared to the conventional techniques
(described in Chapters 2 and 3) and with lower waste rate and energy consumption were
fabricated.

After successfully adopting the WAAM process for the fabrication of 420 MSS parts, it is
important to explore the viability of applying the process for repairing purposes of 420
MSS alloy, considering the current need for on-site restoration of critical components to
the disruption in the global supply chain. Initially, a similar 420 MSS wire was used as the
repairing track for the 420 MSS, and the electrochemical performance of the track was
investigated in chapter 6. However, the corrosion resistance of the interfacial region
between the substrate 420 MSS and the repairing track was below expectation, use to the
formation of multiple chromium depleted regions at the interface. Hence, a PH 13-8Mo
wire with higher corrosion performance compared to the 420 MSS wire was used as h
repairing track in Chapter 7. Overall, a superior electrochemical response was observed for
the as-printed side of the PH 13-8Mo — 420 MSS dissimilar metal combination, certifying

the acceptable corrosion performance of the 420 MSS components coated with the PH 13-
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8Mo and the capability of the developed process herein for repair, and restoration

applications.

3. Recommendation and future works

The following topics are suggested for future research:

IIL.

III.

In the current thesis, the electrochemical behavior of 420 MSS samples was investigated
in naturally aerated 3.5 wt.% NaCl solution at room temperature. Further studies can be
conducted to investigate the corrosion performance of the alloy in other corrosive
environments such as low concentration H2SO4 solutions and combined HCI+HF acidic
environments. The impact of the testing conditions, i.e., temperature, conductivity, type of
ions, and pH value, can also be characterized.

In the current thesis, the impact of plastic deformation techniques such as uniaxial tension
and cold rolling was investigated on the corrosion performance of 420 MSS. The severe
plastic deformation techniques such as equal channel angular pressing (ECAP) have been
implemented for steels toward grain refinement and mechanical performance
enhancement. The effect of the ECAP process on the corrosion response of 420 MSS
samples can be investigated in future studies.

The electrochemical response of the interfacial region between 420 MSS substrate and the
deposited wire arc additive manufactured tracks of ER420 and PH 13-8Mo was below the
expectations. The post-fabrication heat treatment cycles should be designed and
implemented on repairing tracks, and electrochemical analysis of the heat-treated samples

can be a subject for future studies.
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IV.

For further grain refinement and improving microstructure uniformity, the addition of
nano-particles to the metal feedstock can be considered as a new approach for the
fabrication of wire arc additive manufacturing parts. The impact of novel nano-particles on

the electrochemical performance of 420 MSS can be investigated in future studies.
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